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Soap Bubbles 
From years of study and of contemplation 
An old man brews a work of clarity, 
A gay and convoluted dissertation 
Discoursing on sweet wisdom playfully. 
 
An eager student bent on storming heights 
Has delved in archives and in libraries, 
But adds the touch of genius when he writes 
A first book full of deepest subtleties. 
 
A boy, with bowl and straw, sits and blows, 
Filling with breath the bubbles from the bowl. 
Each praises like a hymn, and each one glows; 
Into the filmy beads he blows his soul. 
 
Old man, student, boy, all these three 
Out of the Maya-foam of the universe 
Create illusions. None is better or worse. 
But in each of them the Light of Eternity 
Sees its reflection, and burns more joyfully. 
 
-Hermann Hesse 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Abstract 
Slow dynamic processes, such as biomolecular folding/unfolding, macromolecular diffusion, 
etc., can be conveniently monitored by solution-state two-dimensional (2D) NMR 
spectroscopy, provided the inverse of their rate constants does not exceed the nuclear spin-
lattice relaxation time constants (T1). The discovery of long-lived states (LLS) by Malcolm 
Levitt's group opened a new dimension for the study of slow dynamic phenomena, as 
magnetization stored in the form of LLS decays with the time constants TLLS, where in many 
cases TLLS >> T1. In this thesis, various excitation methods and applications of LLS are 
discussed. Broadband excitation of LLS is suitable to monitor slow processes and has been 
applied to study the slow ring-flip in tyrosine residues of BPTI (Bovine Pancreatic Trypsin 
Inhibitor), as well as to perform simultaneous measurements of diffusion coefficients in 
mixtures of molecules with arbitrary J-couplings and chemical shifts. The applications of 
LLS, initially believed to be limited to isolated spin-½ pairs, were extended to larger spin 
systems, including some common amino acids like Serine, Aspartic Acid, etc. LLS have 
been observed in Glycine residues of small peptides like Ala-Gly, as well as in mobile parts 
of proteins, e.g., in Gly 75 and 76 of Ubiquitin. The lifetimes TLLS are more sensitive to 
dipolar interactions with external spins than longitudinal and transverse relaxation time 
constants, T1 or T2, and therefore can provide structural information for unfolded proteins. 
The unfolding of Ubiquitin by addition of Urea and by varying pH was followed using LLS. 
The excitation of coherent superpositions across singlet and triplet states, which we call long-
lived coherences (LLC’s), leads to resolution enhancement in conventional NMR 
spectroscopy. New methods have been designed to store hyperpolarized (13C or 1H) 
magnetization in the form of LLS and have been demonstrated using samples of Ala-Gly and 
Acrylic Acid. 
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Résumé 
Les phénomènes dynamiques lents, tels que le repliement/dépliement de biomolécules, la 
diffusion macromoléculaire, etc. peuvent être mesurés par la RMN à deux dimensions (2D) en 
phase liquide, et ce dans la mesure où les constantes de temps ne sont pas plus longues que la 
relaxation nucléaires (T1). La découverte d’états de spin à longs temps de vie (Long-lived 
states - LLS), par le groupe de M. Levitt a ouvert la voie à l’étude de phénomènes lents, car 
l’aimantation conservée sous la forme de LLS relaxe avec un de temps de vie TLLS, tel que 
dans beaucoup de cas TLLS >>T1. Dans cette thèse de Doctorat, plusieurs méthodes 
d’excitations, et des applications des LLS sont discutées. L’excitation large bande des LLS 
peut s’avérer utile pour observer des processus d’échange lents ; cette technique a été 
appliquée à l’étude de la rotation du cycle aromatique dans la tyrosine de la BPTI (Bovine 
Pancreatic Trypsin Inhibitor), et à la mesure simultanée de coefficients de diffusions dans un 
mélange de molécules ayant des couplages- J et déplacements chimiques arbitraires. 
L’application des LLS n’est pas limitée à des paires de spins- ½ isolées mais peut être étendue 
à des systèmes de spin plus complexes, comme par exemple certains acides aminés tels que la 
Sérine, l’Acide Aspartique, etc. Les LLS ont été observés dans des résidus de glycine dans 
des petit peptides tels que l’Ala-Gly, ainsi que dans certaines parties mobiles de protéines 
telles que l’Ubiquitine sur les sites Gly 75 et 76. Les temps de vie TLLS sont plus sensibles 
aux interactions dipolaires avec d’autres spins que les temps de relaxation T1 et T2 : cela peut 
s’avérer très utile pour extraire des informations structurelles de protéines dépliées. Le 
dépliement de l’Ubiquitine en présence d’Urée à pH variable a été mesuré grâce aux LLS. 
L’excitation de superpositions cohérentes d’états singulets et triplets, appelées cohérences à 
long temps de vie (Long-lived coherences - LLC’s), permet d’augmenter la résolution en 
spectroscopie RMN. De nouvelles méthodes ont été mises en place pour conserver 
  
l’aimantation de spins hyper-polarisés (13C ou 1H) dans des LLS, et ont été appliquées à 
l’Ala-Gly et l’Acide Acrylique.  
 
Mots clés : Etats aux temps de vie longs, Cohérences aux temps de vie longs, Echange 
chimique, Dynamiques lentes, Hyperpolarisation 
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Introduction 
Chapter - 1 
Introduction 
Understanding dynamics of proteins and protein-ligand interactions is of major interest to 
modern science, because of the strong correlations between the biological activities of 
proteins and their structural dynamics. These motions occur on broad timescales ranging from 
picoseconds to several seconds: the backbone and side-chain fluctuations range from pico- to 
nanoseconds, conformational rearrangements take place on millisecond timescales, and the 
slow processes like chemical exchange, translational diffusion, etc., occur on the order of 
several seconds. Any of these motions may be functionally significant and directly related to 
the interactions of proteins with their environment.  
NMR spectroscopy is a powerful analytical tool for the study of macromolecular dynamics 
because of the wide range of accessible timescales (10-12 s to 105 s)1 with  minimal 
interference to the sample. On the NMR timescale, motions ranging from picoseconds to 
nanoseconds are regarded as fast, whereas the motions ranging from microseconds to seconds 
are regarded as slow. 
Various methods have been developed to study fast dynamics by NMR. Backbone and side-
chain fluctuations, occuring on picosecond to nanosecond timescales, can be studied by 
measuring three relaxation rates: the longitudinal relaxation rate (R1), the transverse relaxation 
rate (R2), and the steady state hetronuclear NOE.2-3  These relaxation rates are influenced by 
fast motions via modulations of dipolar and chemical shift anisotropy (CSA) interactions of 
nuclei caused by molecular reorientations. The ‘model-free’ analysis of these relaxation rates, 
proposed by Lipari and Szabo,4 provides order parameters and internal correlation times of 
motions of bond vectors. 
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Introduction 
Conformational exchange, taking place on microsecond to millisecond time scale, can be 
probed by R1ρ or R2 relaxation measurements. The transverse  relaxation rate R2 can be 
measured by Carr-Purcell-Meiboom-Gill (CPMG) experiments5-6 which rely upon the 
application of a train of refocusing π-pulses, while in R1ρ experiments,7 transverse relaxation 
rates are measured in the presence of an RF field. In these experiments, the exchange 
contribution to the relaxation rates is partially or fully suppressed. Then, plotting the 
relaxation rate constants as a function of the strength of the RF field yields dispersion curves 
that can provide exchange rates.8 
Slow dynamic processes such as translational diffusion,9 chemical exchange, protein ligand 
interactions, folding/unfolding of biomolecules,10 proline isomerization,11 etc., occur on 
timescales of seconds and play an important role in biology. For the study of these processes 
methods like ZZ exchange spectroscopy (ZZ-EXSY)12 are available, where longitudinal two-
spin order is excited in scalar coupled spins. The upper limit of accessible timescales of these 
processes is determined by the spin-lattice relaxation time constant (T1), which is often 
regarded as the maximum lifetime of nuclear spin memory.  
There are two ways of broadening the range of accessible timescales of slow dynamic 
processes: i) to use the nuclei with low gyromagnetic ratios. ii) to use the magnetization with 
longer lifetimes.  
Various methods have been established to exploit the long T1’s of 15N-nuclei, which are due 
to their smaller gyromagnetic ratio compared to protons (|γ(1H)/γ(15N)| = 10). For instance, 
translational diffusion coefficients in macromolecules (with molecular mass ~ 45kDa) have 
been measured by storing the magnetization on 15N during the diffusion period.13  Proton-
detected 15N exchange spectroscopy (EXSY) has been designed to measure the exchange rates 
between two coexisting folds of a 34mer RNA exchanging on a timescale of a few seconds 
(τobs ~ T1(15N) < 5s).10  
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Another way of increasing the range of accessible timescales could be based on finding ways 
to sustain magnetization (coherences or populations) for longer times. In the group of M. 
Levitt, it has been discovered that the lifetimes of spin memory can be extended by more than 
an order of magnitude when the magnetization is stored in the form of particular spin 
distributions, known as long-lived states (LLS).14-15 For instance, in a partially-deuterated 
saccharide the lifetimes of LLS (TLLS) can be 37 times longer than conventional spin-lattice 
relaxation times (T1).16 LLS in 15N2O last for several minutes (TLLS = 26 min and TLLS/T1= 8) 
which is the longest lifetime recorded so far.17 For two-spin scalar-coupled systems, LLS rely 
on the populations of Singlet States (SS). The very long memory of LLS stems from the fact 
that the major source of relaxation, i.e., dipolar interactions between the involved spins, is 
inactive. If other relaxation mechanisms such as chemical shift anisotropy (CSA), interactions 
with paramagnetic substances, etc., are absent, LLS should have infinite lifetimes, provided 
they are well isolated from other faster-relaxing states. However, in practice, LLS have finite 
relaxation rates because of other relaxing mechanisms and non-ideal ‘spin-locking’.18-21 
In this thesis, various improvements in LLS spectroscopy are discussed. Applications to small 
molecules of biological interest, as well as to proteins like Ubiquitin, are demonstrated.  The 
concept of long-lived coherences (LLC’s), which leads to resolution enhancement in NMR 
spectroscopy, is described. Methods to store hyperpolarized magnetization in the form of LLS 
and applications thereof are presented.  
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 Coherent evolution: pulse sequences for excitation and 
sustaining long-lived states 
 
Long-lived states (LLS) have very slow relaxation rates because once populated and isolated 
properly from other fast-relaxing states, they remain unaffected by the dipolar interaction 
between the involved spins, the main relaxation mechanism in liquid state NMR.21 Therefore, 
efficient excitation and sustaining of LLS (minimizing coherent leakage) in favorable 
conditions is crucial. This is the main concern of the present chapter. In this chapter, 
important features of LLS for a system comprising scalar-coupled spins I and S = 1/2 under 
the coherent part of Hamiltonian are described, as well as the evolution of the density operator 
under various pulse sequences for efficient excitation of LLS. 
 
2.1 Theory 
 In a rotating frame of reference, the spin Hamiltonian for a pair of scalar-coupled spins- ½ is 
given by: 
Rot
I z S z ISH I S J Iν ν= + + ⋅
G
S
G
                                                                                                  (2.1.1) 
where Iν  and Sν  are the offset frequencies of the two spins and  is the scalar coupling 
constant.  
ISJ
For a weakly-coupled IS system ( IS I S ISJ ν ν<< − = Δ )v , the Hamiltonian can be truncated to 
the following form: 
Rot
I z S z IS Z ZH I S J Iν ν= + + S                                                                                                   (2.1.2) 
which is diagonal in the Zeeman product basis (PB), so that  the eigenbasis is the product base 
(PB):  
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ΦPB  = { βββααβαα ,,, }                                                                                            (2.1.3) 
 However, the spin system behaves like an I2 system in the absence of chemical shifts and 
evolves under the following isotropic Hamiltonian: 
ISH J I S= ⋅
GG
                                                                                                                       (2.1.4) 
which has the following singlet-triplet (ST) eigenbasis: 
ΦST ={ 1001 ,,, −+ TSTT }                                                                                                  (2.1.5) 
where: 
αα=+1T ;   ( )βααβ += 210T ;   ( )βααβ −= 210S  ;   ββ=−1T  
The matrix for the basis conversion between the PB and the ST basis is the following: 
⎟⎟
⎟⎟
⎟⎟
⎠
⎞
⎜⎜
⎜⎜
⎜⎜
⎝
⎛
−
=
1000
0
2
1
2
10
0
2
1
2
10
0001
V , with the property V = V-1                                                        (2.1.6) 
ΦPB = V·ΦST                                                                                                                                                                                   (2.1.7) 
So, the Cartesian product operators in the PB can be transformed into the symmetry-related 
ST by the following transformation:                                                                                                                    
VOVO STPB
1−=                                                                                                                   (2.1.8) 
A weakly-coupled IS system can be converted into an I2 system by removing the chemical 
shift difference between the two spins involved. In practice, it can be achieved in two ways: i) 
the zero-field method: 14 this requires one to take the sample out of the magnetic field, where 
the chemical shifts vanish; and ii) the high-field method:15-16 this requires the application of a 
suitable RF pulse sequence to suppress the chemical shift difference between the two spins 
and is described below. 
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If a continuous-wave (CW) radio frequency (RF) with an amplitude 1 1 /(2 ) ISBν γ π ν= − >> Δ  
is applied and the RF carrier RFν  is placed half-way between the two chemical shifts,  
( ) / 2RF av I Sν ν ν ν= = +                              (2.1.9) 
Then the Hamiltonian in a frame rotating at avν  is given by: 
1( ) (2
IS )x x IS z zH I S J I S I S
νν Δ= + + ⋅ + −GG
                                                                        
(2.1.10)
 
The last term (Iz – Sz) does not commute with (Ix + Sx) but can be neglected when 1ν >> ISνΔ : 
1( )x x ISH I S J Iν= + + ⋅S
GG
                                                                                             (2.1.11) 
This Hamiltonian is symmetric under a permutation of the spins I and S. Its ST basis is given 
by Eq. (2.1.5). 
The effective fields experienced by the spins I and S are tilted through angles θI,S with respect 
to the z-axis: 
1
,
,
tan I S
I S
νθ ν=                              (2.1.12) 
with 0 < θI,S  < π. If 1 ISν ν>> Δ , θI,S ~ π/2, hence 1sin , ≈SIθ  and 0cos , ≈SIθ .  
In the presence of an RF field, the operators of spins K = {I, S} need to be transformed into 
the tilted interaction frame which can be achieved by the following transformation:  
cos 0 sin
0 1 0
sin 0 cos
x xK K
y y
K K zz
K K
K K
KK
θ θ
θ θ
⎛ ⎞′ ⎛ ⎞−⎛ ⎞⎜ ⎟ ⎜ ⎟⎜⎜ ⎟′ = ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠′ ⎝ ⎠⎝ ⎠
⎟               (2.1.13) 
where K´ = {I, S} are the corresponding operators in the tilted frame. 
When θI,S ~ π/2, this simply amounts to relabeling Kz ´ → Kx, as suggested by Eq. (2.1.13). 
In the tilted frame, the following combinations of Cartesian operator terms can contribute to 
the populations of singlet or triplet states: 
{E, (Iz´+Sz´ ), 2Iz´Sz´ , ZQx´}PB           
10 
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Where ZQx´= 1/2(2Ix´Sx´+2Iy´Sy´) 
The conversion matrix in the tilted frame of reference can be written as follows: 
0 0
0 0
1 1
1 1
1 10 1
4 2
1 10 1
4 2
1 1 1 20
4 2 2
1 1 1 0
4 2 2
z z
z z
x
ES S
I ST T
T T I S
T T ZQ− −
⎛ ⎞− −⎜ ⎟ ⎛ ⎞⎜ ⎟⎛ ⎞ ⎜ ⎟⎜ ⎟⎜ ⎟ − ′ ′+⎜ ⎟⎜ ⎟⎜ ⎟ = ⋅⎜ ⎟⎜ ⎟⎜ ⎟ ′ ′⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟′⎝ ⎠ ⎝ ⎠⎜ ⎟⎜ − ⎟⎝ ⎠                                                                 
(2.1.14)
 
It can be transformed into the rotating frame by using Eq. (2.1.13): 
( )
0 0
0 0
1 1
1 1
1 10 1
4 2
1 10 1
4 2
21 1 1 0 14 2 2
21 1 1 0
4 2 2
x x
x x
z z y y
ES S
I ST T
I ST T
T T I S I S− −
⎛ ⎞− −⎜ ⎟ ⎛ ⎞⎜ ⎟⎛ ⎞ ⎜ ⎟⎜ ⎟⎜ ⎟ +− ⎜ ⎟⎜ ⎟⎜ ⎟ = ⋅⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ +⎜ ⎟⎝ ⎠ ⎝ ⎠⎜ ⎟⎜ − ⎟⎝ ⎠                                                      
(2.1.15)
                       
According to Eq. (2.1.15), the LLS, in the rotating frame, can be expressed as follows:
  
( )0 0 1 1 24 2 z z xS S E I S ZQ= − −                                                                                            (2.1.16)             
Therefore, LLS can be excited via 2IzSz, ZQx or by the sum of these components. 
The experiments described in this thesis have been performed by the high field method.16 The 
high-field method for sustaining LLS, where LLS are populated via ZQx excitation, was first 
demonstrated by M. Carravetta and M. Levitt.15 Their designed pulse sequence suffers from 
several drawbacks: i) the RF carrier νRF must be positioned at the mean chemical shift of the 
two spins, i.e., νRF = (ν1+ ν2)/2. ii) the efficiency of the excitation depends on the difference 
ΔνIS = (νI - νS) between the chemical shifts and iii) the efficiency also depends on the scalar 
coupling constant JIS, between the relevant spins.  
Often, slow dynamic processes A  B, such as folding of biomolecules, lead to different 
11 
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chemical shifts in the two sites, i.e., vIA ≠ vIB and vSA ≠ vSB. Also, the chemical shift difference 
between the two sites may be affected by different chemical environments, i.e., ΔvISA ≠ ΔvISB. 
Furthermore, the scalar couplings can also be different in the two sites, i.e, (JIS A ≠ JIS B). All 
these limitations make it impractical to use the original method for studying slow dynamic 
processes. In our group, new methods were developed to alleviate these various limitations 
which make slow exchange phenomenon amenable by long-lived state NMR spectroscopy 
and are discussed in the next sections. 
 
2.2 LLS excitation via constructive addition of ZQx and ZZ order 
It can be seen from Eq. (2.1.16) that the LLS can be populated by exciting the sum of 2IzSz 
and ZQx which can be achieved by the following pulse sequence (Sequence I):16 
A
B
ν(Hz)
J
νI
Δν
Δν IS
νS
νavνRF 
g1
Sustain LLS
b ca d
e f g
1H
PFG g2
y
h
optional
τ1 τ1 τ2 τ2 τ1 τ1
y
τm
 
Figure 2.2.1: (A) Sketch of an NMR spectrum of a weakly coupled two-spin ½ system with relevant parameters.    
(B) A pulse sequence (sequence I) designed to populate LLS via the sum of longitudinal two-spin order, IZSZ and 
real part of zero-quantum, ZQx. Pulses of π, π/2 and π/4 are indicated by open, filled and hatched rectangles, 
respectively. The phases of the pulses are along x-axis unless otherwise specified. 
 
The density operator in the rotating frame of reference at time point 'a' of the pulse sequence 
in Fig. 2.2.1(B) is: 
( ) y ya I Sσ = − −                                                                                                                   (2.2.1) 
12 
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This is converted by a spin-echo to antiphase terms at time point 'b', provided τ1 = 1/(4JIS):                               
                                                                                                        (2.2.2)                      ( ) ( )2 x z z xb I S I Sσ = +
After the π/4 pulse, at time point 'c', 
                                                                     (2.2.3)   ( ) ( )2 2 2x x z z x x z zc I S I S ZQ DQ Iσ = − = + −  S   
The term xDQ  is destroyed by the pulsed field gradient (PFG) g1. 
At this point, ZQx term and IZSZ have opposite signs. So, a delay τ2 = 1/(2ΔνIS) is inserted 
between points 'c' and 'd' to reverse the sign of the zero-quantum coherences (ZQx  -ZQx), 
under the effect of the difference between the chemical shifts ΔνIS = (νI - νS). This ‘zero-
quantum reversal’ is necessary to prevent the mutual cancelation of ZQ and ZZ contributions 
to the LLS. The density operator at time point 'd' is given by: 
( ) (0 0 1 1 1 112 2x z zd ZQ I S S S T T T Tσ − −⎛ ⎞= − − = − +⎜ ⎟⎝ ⎠ )                                                  (2.2.4)   
A suitable RF irradiation is applied during the time period 'd-e' to suppress the chemical shift 
difference between the two spins. This makes the spin system behave similar to an I2 system. 
During this period, the spin system is best described in terms of eigenstates of the total spin 
angular momentum, i.e., singlet and triplet states. The application of RF irradiation converts 
the sum of ZQx coherence and ZZ spin-order into population differences between singlet and 
triplet states (as shown in Eq. 2.1.11). Populations of triplet states equilibrate after a short 
time, while the singlet state population, being isolated from the three triplet states, decays 
with a time constant TLLS, which can be more than an order of magnitude higher than T1. After 
a mixing time τm, the RF irradiation is switched off which is sufficient to convert the I2 spin-
system back to an IS spin system. As the RF field is switched off, the system evolves under 
the weak-coupling Hamiltonian as shown in Eq. 2.1.2 and the population of the LLS converts 
back to the sum of ZQx and IZSZ. 
The density operator at time point 'e' is given by: 
13 
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σ(e) = a|S0><S0| = a[E/4-IzSz-ZQx] with a = exp(-τm/TLLS)                                                (2.2.5) 
None of the terms ZQx and IZSZ can be observed directly by NMR. So, the density operator 
has to be converted to an observable, which is done during the 'e-f' and 'f-g' parts of the pulse 
sequence of Fig. 2.2.1 (B). The density operator at point 'g' is given by: 
σ(g) = a IySy + (a/2) [2IxSz +2IzSx]                                                                                     (2.2.6)      
where IySy is a multiple-quantum coherence that remains undetected. 
We can see from Eq. (2.2.6) that the signal detected here will be an antiphase doublet which 
can be converted to an in-phase signal by inserting a spin-echo (part 'g-h') in the pulse 
sequence. This can be expressed as: 
σ(h)= - (a/2) [Iy + Sy]                                                                                                          (2.2.7)                         
It is worth mentioning here that losses due to transverse relaxation during the pulse sequence 
are neglected. These losses can be significant in the case of macromolecules. Though the 
above pulse sequence relieves the requirement of placing the carrier position at the mean 
chemical shift νRF = (ν1 + ν2)/2, it still requires the precise knowledge of the delays τ1 and τ2 
which are dependent on the J-coupling constant (JIS) and on the chemical shift difference 
(ΔνIS), respectively. In the next section, a pulse sequence that removes the dependence on the 
chemical-shift difference is described. 
 
2.3 LLS excitation via longitudinal two-spin order (ZZ) 
The pulse sequence (sequence I) described in the previous section (Section 2.2) features a 
dependence on the values of the J-coupling JIS and the chemical shift difference ΔνIS, which 
are often unknown. For instance, in a two-site chemical exchange (A B) the chemical shift 
differences between the relevant spins in the two conformations A and B, can vary, i.e., ΔvISA 
≠ ΔvISB. In Sequence I, the delay τ2, which depends on ΔνIS, is necessary for carrying out the 
inversion of ZQx  -ZQx. Therefore, the excitation of LLS without ZQx, i.e., only by using 
14 
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ZZ, would make the pulse sequence independent of ΔνIS. For exciting LLS by ZZ, it is 
required to suppress zero-quantum coherences so as to avoid the mutual cancelation of ZQx 
and ZZ because of their opposite signs at time point 'c' (Eq. 2.2.3). Dephasing of zero-
quantum coherences (ZQC’s) can be achieved by a Thrippleton-Keeler filter  (T.K. filter)22 
which is an ingenious method using a combination of a pulsed field gradients (PFG’s) and a 
frequency-modulated CHIRP pulse to filter out ZQC’s independently of the chemical shifts. 
Below is the pulse sequence (sequence II) which can be used for excitation of LLS via ZZ 
order:16 
in order, IZSZ. 
ere, ZQC’s are dephased by a T.K. filter. Pulses with π, π/2 and π/4 are indicated by open, filled and hatched 
ectangles, respectively. The phases of the pulses are along the x-axis unless otherwise specified. 
ined in detail (Section 2.2) that at time point 'c', the density operator has 
following form:  
Gx
G1
decoupling
G2
Gz
Sustain LLS
yy
 
Figure 2.3.1. A pulse sequence (sequence II) designed to populate LLS via longitudinal two-sp
b ca d e f g h
τ1 τ1 τ1 τ1
τfτf τm
H
r
 
It has been expla
( ) ( )2 2 2x x z z x x z zc I S I S ZQ DQ I Sσ = − = + −                                                                      (2.3.1)  
Here, between points 'c' and 'd' instead of the delay τ2, a T.K. filter is applied which causes 
dephasing of ze
e population of LLS by the application of a suitable RF-irradiation 
to dephase zero-quantum coherences, 
ro-quantum coherences. At point 'd' only ZZ order survives: 
( ) 2 z zd I Sσ = −                                                                                                                    (2.3.2) 
This is then converted to th
between points  'd' and 'e': 
σ(e)= (a/2).|S0><S0| = (a/2). [E/4-IzSz-ZQx] with a = exp(-τm/TLLS)                                 (2.3.3) 
Between points 'e' and 'f' another T.K. filter is applied 
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yielding the following density operator at time point 'f': 
σ(f) = (-a/2).IzSz                                                                                                                                                                            (2.3.4) 
in-phase terms by a spin-echo, leading to the following density 
 ZQx. Therefore, the efficiency of this sequence is 25% 
 comparison to the pulse sequence I. 
 1/(2 JIS) with a π-pulse inserted in the middle so that the density 
operator at the point 'b
This is converted to detectable antiphase terms by application of a π/4 pulse at 'g': 
σ(g) = (-a/4).(IxSz+ IzSx)                                                                                                     (2.3.5) 
that can be converted to 
operator at time point 'h': 
σ(h) = (-a/4).(Iy+ Sy)                                                                                                           (2.3.6) 
The sequence II can excite LLS independently of not only ΔνIS, but also independently of the 
offsets νI or νS, but this extension comes at a cost of 50% of the signal intensity for each 
interval, the rest being lost as dephased
in
 
2.4 Two-dimensional LLS Exchange Spectroscopy (2D LLS-EXSY) 
Pulse sequence II can excite LLS, independently of ΔνIS but still has a dependence on JIS and 
cannot be applied to the spin systems having different JIS in two sites A and B undergoing a 
chemical exchange, i.e., JIS A ≠ JIS B. One of the possible ways to remove the dependence on τ1 
or JIS is by 2D spectroscopy. In pulse sequences I and II, after the first π/2 pulse, the system 
evolves for the delay 2τ1=
' is: 
( ) ( )2 x z z xb I S I Sσ = +                                                                                                         (2.4.1) 
The fixed delays τ1 can be replaced by a variable time t1, in the fashion of 2D spectroscopy 
which makes the sequence broadband with respect to JIS. The delay τ2 between 'c' and 'd' can 
be replaced by a T.K. filter which dephases ZQx, consequently, removing the dependence 
upon ΔνIS  (Section 2.3). So, the following broadband 2D pulse sequence (sequence III) 16 
which is broadband with respect to JIS, ΔνIS or individual offsets, νI and νS; is referred as 2D 
16 
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LLS-EXSY16 and can be useful for monitoring slow timescale processes (A  B) using 
LLS even when ΔνISA ≠ ΔνISB and/or JISA ≠ JISB: 
 
S in 2D spectroscopy via 
ngitudinal two-spin order, IZSZ. The pulses with π/2 and π/4 are indicated by filled and hatched rectangles, 
he phases of the pulses are along the x-axis unless otherwise specified. 
 
Figure 2.4.1: (A) Sketch of an NMR spectrum of a weakly coupled two-spin ½ system with relevant parameters. 
(B) A pulse sequence (sequence III) designed to carry out broadband excitation of LL
lo
respectively. T
 
This 2D experiment can excite LLS simultaneously in different environments, for example, in 
two distinct sites A and B where the spins I and S have chemical shifts and couplings  νIA, νSA, 
JISA and νIB, νSB, JISB, respectively. The chemical shifts labeled during the evolution interval, 
t1, lead to the coherences modulated at the frequencies, νIA, νSA, νIB and νSB at point 'b'. LLSA 
and LLSB are then excited at point 'd' and sustained in the interval 'd-e' where exchange may 
occur between the two sites, A and B. At point 'g', LLS populations are transformed back into 
antiphase single–quantum coherences, resuming precession at the four chemical shifts in the t2 
dimension. Two types of non-diagonal peaks are expected for I spin (and for the S spin): i) 
from magnetization labeled at νIA during t1 being detected at νSA, the so-called LLS-blending 
peaks. These peaks arise because of magnetization mixing in LLS. ii) Arising from 
Gx
G1
decoupling
G2
Gz
Sustain LLS
yy
b ca d e f g
t1
τfτf τm
J
νIν (H
z)
Δν
Δν IS
νS
νavνRF 
a
b
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magnetization labeled at νIA during t1 and detected at νIB and νSB, which are the exchange 
peaks arising from the chemical exchange between the two sites as shown schematically in 
Fig. 2.4.2. 
d from 2D LLS-
XSY. (B) Sketch of a 2D LLS-EXSY spectrum that can be expected for a two site exchange between the sites 
nd B, where two kinds of cross peaks are expected: LLS-blending and the exchange peaks. 
away from the mean chemical shift ((νI + νS)/2) of the two spins, i.e., by increasing Δν (Fig. 
A
B
νSA
νSB
 
Figure 2.4.2: (A) Chemical shift correlations that can be observed in the 2D spectrum obtaine
E
A a
 
The pulse sequence III is capable of broadband excitation of LLS without any knowledge of 
ΔνIS or JIS but the lifetimes TLLS tend to decrease rapidly if the carrier position, νRF is moved 
ν I
B
ν S
B
ν I
A
ν S
A
νIB νSBνIA νSA
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2.4.1(A)) if CW irradiation is used during sustaining period. This limitation can be overcome 
by using other RF schemes such as WALTZ-16 which can sustain LLS efficiently even at  
Δν = 1 kHz at 400 MHz proton frequency, thus making the sequence III broadband with 
respect to Δν.16  It turns out that amplitude and frequency modulated pulses perform even 
better for sustaining LLS, as will be discussed in detail in the next section.  
 
2.4.1 Application to BPTI 
The side chain of the Tyrosine-35 residue in Basic Pancreatic Trypsin Inhibitor (BPTI) 
undergoes slow exchange (~ 30 s-1 at 309 K)12 due to slow rotation of the Tyr ring and the Hδ1 
resonance is exchanged with that of Hδ2 and Hε1 with Hε2 as shown in Fig. 2.4.1.1. 
(I)
 
Figure 2.4.1.1. (I) The Tyrosine residue 35 undergoes a slow rotation around the Cβ-Cγ axis (30 s-1 at 309K).12 
(II) 2D LLS-EXSY spectrum of aromatic protons in BPTI, recorded with a sequence in Fig. 2.4.1. at 310K and 
400MHz. The sample was not deuterated. A matrix of 4k×256 points was acquired and transformed to 8k×512 
points. The spectral widths in the t2 and  t1 dimensions were 5.6 and 2.2 ppm. The carrier frequency νRF was set at 
7.3 ppm. The peak amplitudes of the G1 and G2 PFG s were 28.5% and 65% of the maximum intensity (50G/cm) 
along the z and y axes, respectively. A Chirp inversion pulse of length τf = 12 ms with a sweep width of 80 kHz 
and a maximum amplitude of 2348 Hz, was used simultaneously with the gradients to eliminate the ZQx 
coherences. The assignments of diagonal signals are labeled in green; those of cross peaks originating from the 
exchange are labeled in red, while peaks originating from mixing of magnetization (LLS-blending) in the LLS 
are labeled in blue. Whenever two types of cross peaks are overlapped due to the positions of the resonances, 
black labels are used. A mixing time τm = 300 ms with contiguous Sinc pulses of 400 μs and peak amplitudes of 
7.3 kHz was used. 
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LLS can be excited for the J-coupled proton pairs, Hδ1- Hε1 and Hδ2 - Hε2 using the above 
mentioned 2D method. The LLS-EXSY spectrum of the aromatic region of BPTI is shown in 
Fig. 2.4.1.1 (II). It has been observed by ZZ-exchange spectroscopy12 that the four cross peak 
multiplets of Y35 (Tyr) at the chemical shift position of Hδ2 in the t1 dimension, are  centered 
at the chemical shifts of the following protons in the t2 dimension: Hδ2 (diagonal peak labeled 
in green), Hε2 (due to LLS blending, in blue), Hε1 and Hδ1 (both labeled in red).While for 
residues Y10, Y21 and Y23 in BPTI, the exchange cross peaks coincide with the LLS 
blending peaks, due to the fact that the chemical shifts of the Hδ1 and Hδ2 protons, on the one 
hand, and those of the Hε1 and Hε2 protons, on the other hand, are averaged out by fast 
exchange on the NMR time scale. 
We measured the exchange of the Tyr-35 flip by using ZZ-EXSY and LLS-EXSY at 600 
MHz. For the ZZ-EXSY experiment, the pulse sequence shown in Fig. 2.4.1 (similar to LLS-
EXSY) was used without the RF irradiation during the time period 'd-e'. Fig.2.4.1.2 shows the 
decay of the diagonal peak Hδ2- Hδ2 and exchange cross peak Hδ2- Hδ1 obtained by both 
methods.  
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Figure 2.4.1.2. Decay of the diagonal peak Hδ2- Hδ2 (Blue diamonds) and exchange cross peak Hδ2- Hδ1 (Red 
stars) of Y35 in BPTI, obtained from LLS-EXSY (A) and ZZ-EXSY (B). The experiments were performed at 
600 MHz spectrometer. 
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2.5 Increased bandwidth for sustaining LLS 
Various ways for efficient excitation of LLS have been discussed in the previous sections but 
still the dependence on the carrier position for sustaining LLS prevails. After excitation, LLS 
is subjected to an RF irradiation, the amplitude of which should be as high as possible for 
suppressing the chemical shift differences. However, the amplitude is limited by the highest 
power that can be afforded without causing any harm to the electronics of the spectrometer or 
causing any significant sample heating. In practice, If the condition ∆νIS << νRF (Fig. 2.4.1 
(A)) is satisfied, LLS is sustained efficiently. Otherwise, LLS is poorly isolated from other 
fast-relaxing spin states and therefore decays fast. Also, the efficiency of sustaining LLS 
decreases as the RF carrier position νRF is moved away from the exact middle (νav = (νI+ 
νS)/2) of the two spins, i.e., with increasing ∆ν = νRF - νav. 
We have addressed these aspects experimentally and found out that the use of amplitude- and 
frequency-modulated “shaped” pulses can sustain LLS with better lifetimes for larger values 
of ∆νIS and ∆ν.23 This opens the way to applications to molecules containing pairs of coupled 
spins I and S that feature either (i) a wide range of offsets ∆ν = νav - νRF between the average 
chemical shift of the spins, νav = (νI + νS)/2, and the carrier frequency νRF or (ii) large 
differences in chemical shifts ΔνIS = νI - νS. The ability of the RF scheme to sustain LLS 
depends critically on these two parameters. In studies of exchange processes involving several 
molecular conformations, where each conformation is associated with a characteristic set of 
chemical shifts, it is quite likely to have wide ranges of offsets. Spreads in chemical shifts are 
even more likely to occur when the two coupled spins belong to nuclear species such as 13C. 
 
2.5.1 Results 
Various shaped and composite pulses have been tested in the view of achieving the longest 
possible lifetimes of LLS over the widest possible bandwidths, i.e., ranges of ∆νIS and ∆ν. A 
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partially-deuterated saccharide with two diastereotopic protons attached to the same carbon 
with a shift difference of 0.19 ppm (75 Hz at 400 MHz), was used as a test system to measure 
the efficiency of various pulses. Different decoupling schemes were tested as a function of the 
offset ∆ν. It was observed that in the offset range where the decoupling sequence remained 
effective, RLLS remained close to the value obtained for ∆ν = 0. Outside this range it increased 
abruptly. Each decoupling sequence was tested with a mixing time τm = 30 s and a relaxation 
delay of 1 s between scans, so as to establish the maximum amplitude (ν1max) that can be 
applied without causing any significant heating. The amplitudes ν1max that were considered to 
be safe, correspond to an attenuation of 1dB below the amplitude that causes detectable 
change in the level of the lock signal. A sequence of contiguous Gaussian π pulses with peak 
RF amplitudes ν 1max = 7 kHz truncated at 1% of their maximum value and pulse lengths τp = 
175 μs was found to give a profile of RLLS that is very similar to the WALTZ-16 sequence24 
with a constant RF amplitude ν 1max = 3.9 kHz (Fig. 2.5.1.1 A (a)-(b)). A sequence of 
contiguous Refocusing Broadband Universal Rotation Pulses (RE-BURP), with peak RF 
amplitudes ν 1max = 15.7 kHz, pulse lengths τp = 400 µs, and shapes defined by the summation 
of 15 sine and cosine modulated pulses was found to cover a bandwidth of ± 7 kHz (Fig. 
2.5.1.1 A (c)). It was verified experimentally that, as the pulse length of the RE-BURP shape 
is decreased by a factor of 2 and ν1max increased by the same factor, a twofold improvement of 
the bandwidth is observed. Different pulses from the BURP family (I-BURP, U-BURP) were 
also tested, but gave less satisfactory results. The profile of an RF sequence using contiguous 
Sinc-shaped pulses25 was found to be even wider than that of the RE-BURP sequence (Fig. 
2.5.1.1 A (d)). Frequency-modulated CHIRP26 or TanhTan27 pulses afforded offset profiles of 
the rate constants RLLS (Δν) that were remarkably wide, though not as regular as for 
amplitude-modulated pulses (Fig. 2.5.1.1 B). The maximum apparent lifetimes of the LLS 
sustained during τm using frequency-modulated pulses, at a given offset Δν, correlate with the 
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maximum amplitudes of the pulses, i.e., frequency-modulated pulses with low amplitudes 
afford large bandwidths for sustaining, but with higher RLLS values. The bandwidth of the RLLS 
(Δν) profile increased as the frequency sweep range of the pulses increased. The possibility of 
sustaining LLS using frequency-modulated pulses is encouraging in the view of using LLS in 
Magnetic Resonance Imaging (MRI). 
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Figure 2.5.1.1. A. Comparison of experimental relaxation rate constants RLLS = 1/TLLS of LLS in a partially 
deuterated saccharide (see insert), as a function of the offset Δν, observed for different RF schemes applied 
during the interval τm: (a) (open circles) sequence of contiguous Gaussian π pulses of length τp = 175 µs and 
peak RF amplitudes ν1max = 7 kHz, truncated at 1 % of their maximum; (b) (open diamonds) WALTZ-16 scheme 
using ‘hard’ pulses with a constant RF amplitude ν1max  = 3.9 kHz  (i.e., the length of each π/2 pulse was τp = 64 
µs); (c) (asterisks)  sequence of contiguous RE-BURP pulses of length τp = 400 µs with peak RF amplitudes 
ν1max = 15.7 kHz; (d) (open triangles) sequence of contiguous Sinc-shaped π pulses (truncated at the 2nd nul-
passage on either side of the peaks) of duration τp = 340 µs and peak RF amplitudes ν1max = 12.4 kHz. The ‘true’ 
relaxation rate constant RLLS (CW), indicated by an arrow on the left, was measured experimentally using 
continuous-wave (CW) decoupling with Δν = 0 and a constant RF amplitude ν1max = 1.3 kHz. B. Experimental 
relaxation rate constants RLLS as a function of the offset Δν using an RF sequence consisting of: (a) contiguous 
CHIRP pulses each of duration τp = 1 ms with a frequency sweep of the RF carrier over a range of 22 kHz and a 
maximum amplitude ν1max = 4.4 kHz, apodized 26 by quarter sinc-waves in the first and last 10 % of the sweeps 
and (b) TanhTan pulses of duration τp = 1 ms, maximum amplitude ν1max = 4.4 kHz, frequency sweep range of 
44 kHz. All RF sequences except for WALTZ-16, which is composed of pulses along x and –x 24, were formed 
of blocks of 20 shaped pulses phased according to the five-step cycle of Tycko and al. 28, nested within an 
MLEV-4 supercycle.29 
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2.5.2 Application to uracil 
The protons H5 and H6 in uracil dissolved in D2O (Fig. 2.5.2.1) provide an example of a 
coupled two-spin system with a modest scalar coupling constant, JIS = 7.7 Hz and a large 
chemical shift difference, ΔνIS = 1.7 ppm, i.e., 693 or 1040 Hz at 400 or 600 MHz 
respectively (B0 = 9.4 or 14.1 T). This is a challenging test for RF sequences intended to 
sustain LLS. Indeed, in a static field of 9.4 T, an attempt to preserve LLS in this pair of 
coupled protons using WALTZ-16 scheme with moderate amplitude (ν1max = 1.3 kHz)  
resulted in scattered signal intensities as a function of time, with an approximate relaxation 
rate constant RLLS = 0.18 ± 0.01 s-1, when fitted to an exponential decay function. When the 
amplitude was increased to ν1max = 3.9 kHz, the signal intensities featured a mono-exponential 
decay as a function of τm, which could be fitted with an exponential function with a decay rate 
RLLS = 0.12 ± 0.05 s-1. Increasing the RF amplitude for the WALTZ scheme also resulted in 
increase of bandwidth.  
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Figure 2.5.2.1. Left: signals of the H5 and H6 protons in a sample of uracil (shown in the inset) dissolved in D2O 
recorded with a cryoprobe at 14.1 T (600 MHz proton frequency) with the pulse sequence I of Fig. 2.2.1, using 
τm = 12 s and WALTZ-16. Right: fits of the decays of the summed intensities of the four peaks shown on the left, 
to the function exp (-τm/TLLS) = exp (-τm RLLS), using WALTZ-16 with a constant RF amplitude τ1 = 2.6 kHz (top) 
and contiguous Sinc pulses with a peak RF amplitude τ1max = 5.6 kHz and a pulse length of 500 μs (bottom). The 
small error bars (of the size of the symbols) reflect the difference in intensities of two identical experiments 
recorded with the same delay τm.  
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Also, we compared a sequence consisting of contiguous Sinc pulses with WALTZ at 600 
MHz. Using a WALTZ-16 sequence, the experimental signal intensities in Fig. 2.5.2.1 are 
slightly scattered around an ideal exponential decay. We have attributed this behaviour to the 
fact that the necessary condition for sustaining LLS is not quite fulfilled, since the RF 
amplitude should ideally be much higher than the separation of signals, ν1 >> ΔνIS, whereas in 
this case ν1 = 2.6 kHz and ΔνIS = 1 kHz. The use of Sinc pulses diminished the errors of the 
measurements (Fig 2.5.2.1) - the fitted relaxation rate constants were RLLS = 0.14 s-1 with both 
sequences, with errors of 1.5 % and 1.1 % for the WALTZ-16 and the Sinc sequences, 
respectively. Thus, the RF sequence that has the larger bandwidth in terms of the average 
offset Δν also has the ability of better sustaining the LLS in molecules where the differences 
in chemical shifts ΔνIS are large. In this way, the use of various decoupling sequences 
facilitates the efficient sustaining of LLS even for wide ranges of offsets and in the molecules 
where chemical shift differences are large. 
 
2.6 Broadband Excitation of LLS in 1D Spectroscopy 
In the last section, it has been discussed how the broadband excitation of LLS can be achieved 
in a 2D fashion. In cases where spectral overlap is significant, it is better to resort to 2D 
spectroscopy, but in cases where spectral overlap is not significant, two-dimensional 
techniques are unnecessarily time-consuming, and 1D broadband excitation methods of LLS 
are better adapted. In the following section, a pulse sequence for broadband excitation of LLS 
in 1D spectroscopy is described. 
 
2.6.1 Methods 
The efficiencies of sequence I (Fig. 2.2.1) and sequence II (Fig. 2.3.1) depend on the 
amplitude of antiphase single-quantum coherence AP = 2IxSz + 2IzSx at time point 'b'. 
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Maximization of this coherence over a range of JIS can be achieved by insertion of the block 
in Fig. 2.6.1.1 in place of the spin–echo. If a rotation β is brought about an axis with a plane θ 
= 0, a subsequent rotation 2β around another axis with  θ = 2π/3 compensates for the first 
order errors in B1 inhomogeneities.30 This idea of M. Levitt was adapted for heteronuclear 
INEPT by Wimperis and Bodenhausen.31 If ( )1 1
0 1802 2
π πβ τ π τ⎛ ⎞ ⎛ ⎞= − − − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ then the pulse 
sequence in Fig. 2.6.1.1 can carry out broadband conversion of in-phase terms (- Iy - Sy) into 
antiphase terms (AP = 2IxSz +2IzSx) over a range of JIS. 
 
AP = 2IxSz + 2IzSx
30)y120)y
τ1 τ1 2τ1 2τ1
( )0β ( )1202β
 
Fig. 2.6.1.1. Pulse sequence designed to perform broadband rotation over a range of JIS. 
 
The efficiency of the new sequence, Ebb, can be evaluated by calculating the expectation value 
of AP = 2IxSz +2IzSx  at the end of the sequence:  
2cos1 s
2
bbE β β⎛ ⎞= +⎜ ⎟⎝ ⎠ in                                                 (2.6.1.1) 
Fig. 2.6.1.2 shows its comparison to the sinβ profile, obtained using a simple spin-echo:  
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Figure 2.6.1.2. Theoretical plot of the efficiency of the conversion from in-phase to antiphase coherence using 
the broadband sequence (full line), compared to that of a spin-echo sequence (dotted line), using an interval 2τ1 = 
0.1 s (yielding optimal transfer for JIS = 5 Hz). 
 
Following is a pulse sequence with the implementation of the broadband excitation idea, 
referred to as BB-LLS-DOSY,32 which can be used for measuring diffusion in mixture of 
molecules: 
ϕ 1
Sustain LLS
2τ1
LLSexcitation reconversion
a b c d e f
G1
G2
2τ1τ1τ1 2τ12τ1 τ1 τ1
G1
G2
∆
(2π/3)y (π/6)y (π/4)y (π/4)y (π/6)y (2π/3)y
τp τp
(π)y (π)y (π)y (π)y
g h
 
Figure 2.6.1.3. Method for broadband LLS diffusion ordered spectroscopy (BB-LLS-DOSY). The hatched 
rectangles stand for pulses with various flip angles, as indicated. During the intervals 'c-d' and 'e-f', T. K filters 
are inserted. Typical T. K. filters used in our experiments had durations τp = 12 ms, sweep-widths of 80 kHz and 
peak radio-frequency amplitudes of 1.78 kHz; the amplitudes of the gradients were 14.6 and 17.8 G/cm for time 
intervals 'c-d' and 'e-f', respectively. During the interval ∆ where the LLS are sustained, a sequence of sinc-
shaped pulses of 400 μs duration each and a maximum radio-frequency amplitude of 5.7 kHz was applied.25 The 
recommended phase cycle in the sequence is ϕ1 = (x, -x) and ϕ rec = (x, -x). 
 
The broadband conversion is carried out with respect to the angle β = 2πJISτ1, consequently, if 
τ1 is fixed, with respect to the coupling constant JIS. Thus, the spin-echo part 'a-b' of sequence 
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II (Fig. 2.3.1) can be replaced by the composite sequence 'a-b' (Fig. 2.6.1.1). A symmetric 
sequence (g-h) can be used to obtain in-phase signals before detection.  
The efficiency of step 'a-b' in the BB-LLS-DOSY sequence was tested over a range of 
rotation angles β = 2πJISτ1 using simulations (Fig. 2.6.1.4 A) and by varying the interval τ1 in 
experiments on 2,3,6-trichlorobenzaldehyde (denoted by I) with JIS = J(I) = 8.8 Hz (Fig. 
2.6.1.4 (B)). In Fig. 2.6.1.4 (B), the antiphase coherences were converted into in-phase 
magnetization prior to detection by appending a spin-echo with τ = 1/(4 J(I)), i.e., with β = π/2. 
Both simulations and experiments confirm that the transformation taking in-phase coherence 
–(Iy + Sy) to antiphase coherence is sufficiently broadband over a range 0.25π < β  < 0.75π, in 
the sense that the signal amplitude S(β) varies within a small range, 0.8 < S(β) < 1.  
5
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Figure 2.6.1.4 A. Simulations of the expectation values of antiphase single-quantum coherence AP = 2IxSz + 2IzSx 
in a system with two coupled spins I and S with JIS  = 8.8 Hz, at time point 'b' in the BB-LLS-DOSY sequence of 
Fig. 2.6.1.3, as a function of the delay τ1. B. Experimental signal intensities of the four peaks of 2,3,6-
trichlorobenzaldehyde (I), where JIS = 8.8 Hz, using the pulse sequence explained in the text.  
 
The excited antiphase terms are converted into a superposition of 2IzSz and 2IxSx, under the 
effect of a π/4 pulse. Subsequently, a pulsed field gradient combined with a frequency-
modulated pulse in the manner of a T. K. filter22 allows the removal of the transverse terms, 
leading to a density operator  at time-point 'd': 
( ) 2 Z Zd I Sσ = −   
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which generates the required population difference between singlet and triplet states when the 
RF irradiation is switched on.  
Step 'c-d' is also broadband with respect to the chemical shift difference ΔνIS, as the 
magnetization transferred from points 'c' to 'd' corresponds to longitudinal two-spin order 
2IzSz, that does not evolve under the shifts of the spins. Step 'd-e' can be rendered broadband 
by the use of various decoupling sequences (described in Section 2.5), thus making the pulse 
sequence suitable for broadband excitation and sustaining of LLS. 
 
2.6.2 Results 
To test the ability of the BB-LLS-DOSY sequence to determine simultaneously the diffusion 
coefficients of different molecules in solution using weak encoding/decoding gradients G and 
long diffusion intervals Δ, we have investigated a sample containing 2,3,6-
trichlorobenzaldehyde (I) and 2-chloroacrylonitrile (II), each possessing a pair of J-coupled 
protons with coupling constants J(I) = 8.8 Hz and J(II) = 3.3 Hz, where long-lived states can be 
excited in separate series of experiments.  The experiments were carried out at B0 = 14.1 T 
(600 MHz) and T = 286 K, in a solvent consisting of 40 % D2O and 60 % DMSO-d6. The 
concentration of each of the species in solution was ~ 20 mM. The LLS lifetimes were found 
to be TLLS (I) = 12.5 ± 0.3 s and TLLS (II) = 31.5 ± 0.4 s under our experimental conditions 
(without degassing), while the relaxation time constants of longitudinal magnetization were T1 
(I) = 4.0 ± 0.2 s and T1 (II) = 3.8 ± 0.2 s.  
The diffusion constants of these two molecules were first measured using the conventional 
stimulated-echo (STE) method33 (Fig. 2.6.2.1 (A)). The signal intensities were fitted with two 
parameters, the diffusion coefficient D and the initial signal intensity S0, as a function of the 
parameter κ which depends on the peak amplitude G and duration δ of the pulsed field 
gradients: 
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κ  = 2γGpsδ                                                                      (2.6.2.1) 
where γ is the gyromagnetic ratio of protons. The factor 2 reflects the fact that bipolar pulse 
pairs (BPP) are used before and after the diffusion interval Δ, p is the coherence order (in the 
present case, p = 1 since single-quantum coherences are encoded), s is a shape factor (s = 2/π 
for a PFG with a sinusoidal envelope). The diffusion delay was chosen to be Δ = 0.6 s in our 
basic STE experiments, and the peak amplitude G of the sine-shaped encoding and decoding 
gradients was varied up to 90 % of the upper limit allowed for the probe. This results in spin-
echo amplitudes which are in a convenient range 0.1 < S(κ)/S(κ = 0) < 1 (Fig.  2.6.2.1A).  
Using the simple LLS-SQ-DOSY sequence9, the diffusion constants of compounds I and II in 
the mixture could only be measured in two separate series of experiments because the scalar 
coupling constants J(I) and J(II) are quite different. The intervals of the LLS-SQ-DOSY 
sequence for maximizing AP coherences were set to τ1 = 1/(4J
(I)) = 28 ms and τ1 = 1/(4J
(II)) = 
76 ms, respectively. The diffusion delay could be set to Δ = 4 s in both experiments, well 
below the lifetimes of the LLS populations in either of the two molecules, i.e., Δ << TLLS(I) < 
TLLS(II). Consequently, the simple LLS-SQ-DOSY sequence allowed us to reduce the 
maximum gradients by a factor of ~ 2 compared to the basic STE sequence (Fig. 2.6.2.1 (B) –
(C)).  It is noteworthy that this feature of LLS-DOSY experiments allows one to determine 
diffusion coefficients of large, slowly-diffusing molecules, using regular NMR probes while 
reducing the strain on the required gradient amplitudes significantly. 
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Figure 2.6.2.1. Experimental study of translational diffusion in a mixture of 2,3,6-trichlorobenzaldehyde (I) and 
2-chloroacrylonitrile (II) at T = 286 K and B0 = 14.1 T (600 MHz for protons). The experimental intensities of 
resonances of I and II are indicated by circles and stars, respectively. The diffusion coefficients determined from 
the curves are given in the Table 2.6.2.1.  A. Conventional stimulated echo sequence (STE) with a diffusion 
delay Δ = 0.6 s; the peak amplitudes of the encoding and decoding gradients of duration δ = 0.8 ms were stepped 
through 2.6 < G < 43 G/cm. B. LLS-SQ-DOSY with Δ = 4 s and a delay τ1 = 1/(4J(I)) = 28 ms matched for 
compound I, with gradients of duration δ = 0.55 ms and amplitudes 3 < G < 31 G/cm. C. Same sequence, with τ1 
= 1/(4 J(II)) = 76 ms matched for compound II and 3 < G < 26 G/cm. D. The method for broadband LLS 
diffusion-ordered spectroscopy (BB-LLS-DOSY) with a diffusion delay Δ = 3 s and a compromise interval τ1 = 
41 ms ≈ 1/[2(J(I) + J(II) )], with gradients of duration δ = 0.55 ms and amplitudes 3 < G < 31 G/cm.  
 
The method for broadband LLS diffusion ordered spectroscopy (BB-LLS-DOSY) was used to 
determine the diffusion coefficients of the two molecules I and II simultaneously (Fig. 2.6.2.1  
(D)). The interval ‘a-b’, as well as the corresponding refocusing interval in the sequence in 
Fig. 2.6.1.3, were chosen to maximize the function  f = sin(2πJ(I)τ1) + sin(2πJ(II)τ1) over the 
interval 0 < τ1 < 1/(4J(II)). Note that τ1 ~ 1/[2(J
(I) + J(II))] which corresponds to τ1 = 41 ms. 
The diffusion coefficients obtained for both molecules with (using LLS-DOSY) and without 
irradiation (using STE) during the diffusion delay (Table 2.6.2.1) are similar, which shows 
that heating by the radio-frequency irradiation was minimal.  
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32 
 
 
Diffusion coefficients D / 
10
-10
 m
2
s
-1
  at  T = 286 K 
STE LLS-SQ –
DOSY   
τ1 = 1/(4J(I)) 
= 28 ms 
LLS-SQ-
DOSY 
τ1 = 1/(4J(II)) 
= 76 ms 
BB-LLS-
DOSY  
τ1 = 1/[2(J(I) + 
J(II))] = 41 ms 
Trichlorobenzaldehyde (I) 
(circles in Fig. 2.6.2.1) 
2.0 ± 0.1 2.2 ± 0.1 - 2.0 ± 0.1 
Chloroacrylonitrile (II) 
(stars in Fig. 2.6.2.1) 
3.1 ± 0.2 - 3.7 ± 0.2 3.3 ± 0.2 
 
Table 2.6.2.1. Diffusion coefficients D of the two compounds I and II determined from the six curves in Fig. 
2.6.2.1, corresponding to four different experiments: basic stimulated echoes (STE), LLS-SQ-DOSY, and the 
broadband LLS diffusion ordered spectroscopy (BB-LLS-DOSY).  
 
In brief, broadband excitation of LLS in 1D and 2D spectroscopy alleviates the dependence 
on various parameters, thus making it widely applicable. In the next chapter, relaxation 
properties of LLS are discussed. 
Relaxation properties of long-lived states 
 
Chapter - 3 
Relaxation properties of long-lived states 
Long-lived states (LLS) have extraordinarily long lifetimes because the dipolar relaxation, 
which is the dominant relaxation mechanism in many situations, is inactive for these states. 
The dipole-dipole interaction between nuclei is not able to couple singlet states, which are 
antisymmetric with respect to the exchange of the two nuclei, to the symmetric triplet states. It 
is important to shed light upon relaxation of LLS in detail because of their interesting 
relaxation properties. The relaxation properties of LLS under various mechanisms have been 
described in this chapter. 
 
3.1 Semi classical approach to relaxation 
Relaxation is the phenomenon by which the spin system returns back to an equilibrium state 
where all the coherences are zero and the populations of various energy levels follow a 
Boltzmann distribution. NMR relaxation is a consequence of the coupling of the spin system 
with the surroundings, termed as ‘lattice’. The lattice has quasicontinuous energy levels, 
populated at Boltzmann distribution, and is assumed to be in thermal equilibrium all the time. 
The lattice modifies the local magnetic fields at the location of the nuclei by weak coupling to 
the spin system which causes relaxation.  In the simplest form, relaxation can be described by 
Bloch’s phenomenological equations, which provide a qualitative picture of relaxation, and 
phenomenological relaxation rate constants can be measured experimentally. Bloch’s 
formulation does not provide any microscopic explanation of the origin or the magnitude of 
these rate constants. 
To explain relaxation on a microscopic level, a semiclassical theory was formulated by Bloch, 
Wangsness and Redfield which is often used to describe NMR relaxation. In this theory, the 
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nuclear spins are treated quantum mechanically but the lattice classically. This treatment has 
the drawback that it does not predict how the spin system reaches the physical equilibrium 
state, i.e., Boltzmann distribution. This defect can be overcome by treating the relaxation fully 
quantum mechanically. In this chapter, the semi classical approach and its application to 
predict the relaxation rates of LLS under various relaxation mechanisms are described. 
 
3.1.1 Master equation of relaxation 
In the semiclassical approach, the Hamiltonian that acts on the spin system is the sum of the 
deterministic Hamiltonian, , and the stochastic Hamiltonian, 0H ( )1H t , which couples the 
spin system to the surroundings. The deterministic part can be constant or time-dependent, 
while  is randomly time-dependent, with the property that its time average is zero. The 
Liouville–von Neumann equation of motion of the density operator under the effect of the 
sum of the two Hamiltonians is given by:34  
0H
( )1H t
( ) ( ) ( ) ( )0 1,d t i H t i H H t tdt
σ σ= − = − +⎡ ⎤ ⎡⎣ ⎦ ⎣ ,σ ⎤⎦                                                               (3.1.1.1)                       
The explicit dependence on  can be removed by transforming the Liouville equation into 
the interaction frame, i.e., the reference frame of . The density operator and stochastic 
Hamiltonian in the interaction frame (
0H
0H
( )T tσ  and  ( )t1TH  ) are given by: 
( ) ( ) ( ) ( )0exp expT t iH t t iHσ σ= 0t−
0−
                                                                             (3.1.1.2)                         
( ) ( ) ( )1 0 1exp ( )expTH t iH t H t iH t=                                                                            (3.1.1.3)                         
 
From Eqns. (3.1.1.1), (3.1.1.2) and (3.1.1.3), the following equation of motion of the 
transformed density operator can be derived: 
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( ) ( ) ( )1 ,
T
T Td t i H t t
dt
σ σ⎡ ⎤= − ⎣ ⎦
't dt⎦
                                                                                      
(3.1.1.4) 
On integrating Eq. (3.1.1.4) over t : 
( ) ( ) ( ) ( )' '1
0
0 ,
t
T T T Tt i H tσ σ σ⎡ ⎤− = − ⎣∫                                                                         (3.1.1.5) 
Substituting the value of  from Eq. (3.1.1.5) into Eq. (3.1.1.4): ( )T tσ
 ( ) ( ) ( ) ( ) ( ) ( )' '1 1 1
0
, 0 , ,
t
T T T T T Td t i H t H t H t t dt
dt
σ σ σ⎡ '⎤⎡ ⎤⎡ ⎤= − −⎣ ⎦ ⎣ ⎦⎣∫ ⎦
                                 
(3.1.1.6) 
An approximate solution can be obtained by setting ( )'T tσ = ( )T tσ : 
( ) ( ) ( ) ( ) ( ) ( )' '1 1 1
0
, 0 , ,
t
T T T T T Td t i H t H t H t t dt
dt
σ σ σ⎡ ⎤⎡ ⎤⎡ ⎤= − −⎣ ⎦ ⎣ ⎦⎣ ⎦∫
                                    
(3.1.1.7) 
This can be rationalized because ( )'T tσ
't t
varies slowly, under the effect of randomly time- 
dependent . Now by replacing ( )1TH t τ= − : 
( ) ( ) ( ) ( ) ( ) ( )1 1 1
0
, 0 , ,
t
T T T T T Td t i H t H t H t t d
dt
σ σ τ⎡⎡ ⎤ ⎡= − − −⎣ ⎦ ⎣⎣∫ σ τ⎤⎤⎦⎦
                              
(3.1.1.8)
 
Taking the ensemble average on both sides: 
( ) ( ) ( ) ( ) ( ) ( )1 1 1
0
, 0 , ,
t
T T T T T Td t i H t H t H t t d
dt
σ σ τ⎡⎡ ⎤ ⎡= − − −⎣ ⎦ ⎣⎣∫ σ τ⎤⎤⎦⎦
                             
(3.1.1.9)
 
The first term vanishes if and ( )1TH t ( )0Tσ are uncorrelated since ( )1TH t  = 0, by definition. 
The limit of the integral can be extended to infinity because of the short correlation times of 
 with respect to the change of the density operator. Including these assumptions in Eq. 
(3.1.1.9): 
( )1TH t
( ) ( ) ( ) ( )1 1
0
, ,T T T Td t H t H t t
dt
dσ τ σ τ
∞
⎡ ⎤⎡ ⎤= − −⎣ ⎦⎣ ⎦∫
                                                            
(3.1.1.10) 
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The Hamiltonian  can be expanded in terms of irreducible tensor operators, which have 
very well established rotational properties: 
( )1H t
 
( )1 ( )k q qk k
q k
H t F t
=−
= ∑ A
q
                                                                                                   
(3.1.1.11) 
where is a random function of spatial variables and  is a tensor spin operator.  are 
chosen such that they have the following property: 
( )qkF t
q
kA
q
kA
, qZ k kI A q A⎡ ⎤=⎣ ⎦  .We get exp( )qT qk q kA i t Aω=  and † †exp( )q T qk q kA i t Aω= −  
Substituting for  in Eq. (3.1.1.10): ( )1H t
( ) ( ){ } ( )† ' † '' 0
, ' 0
( ) ( ) exp( ) exp , ,T q q q q Tk k q q q k k
q q
d t F t F t i d i t A A t
dt
σ τ ω τ τ ω ω
∞
σ σ⎡ ⎤⎡ ⎤= − − − − −⎣ ⎦⎣ ⎦∑ ∫
 
(3.1.1.12) 
(Here, ( )T tσ  has been replaced by ( )T tσ  and a correction term 0σ  has been introduced so 
that the final equilibrium form of the density operator leads to a Boltzmann distribution of 
populations.) 
The terms in which ' 0q qω ω− >>  are nonsecular and do not affect the long time behavior of 
 because the rapidly oscillating factor ( )T tσ ( ){ }'exp q qi ω ω− t  averages to zero much more 
rapidly than relaxation occurs. Therefore, only terms where 'q q=  will contribute to 
relaxation: 
( ) ( )† † 0
0
( ) ( ) exp( ) , ,T q q q q Tk k q k k
q
d t F t F t i d A A t
dt
σ τ ω τ τ σ
∞
σ⎡ ⎤⎡ ⎤= − − − −⎣ ⎦⎣ ⎦∑ ∫
                     
(3.1.1.13) 
Considering only the real part: 
( ) ( )† 0( ) , ,T q q q Tq k k
q
d t J A A t
dt
σ ω σ σ⎡ ⎤⎡= − −⎣ ⎤⎦⎣ ⎦∑                                                            (3.1.1.14) 
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where ( )q qJ ω  is the power spectral density function, given by:
†
0
Req qq kJ F( ) ( ) ( ) exp( )
q
k qt F t i dτ ω τ τ⎧ ⎫= − −⎨ ⎬⎩ ⎭
qJ
∞∫
                                                           
(3.1.1.15)
                        
ω
For relaxation in isotropic liquids in the high temperature limit:
 
0( ) ( 1) ( ) ( 1) ( )q q qq qJ Jω ω= − = − ω                                                                              (3.1.1.16)                         
Therefore, only one spectral density function needs to be calculated. The relaxation 
mechanism here arises from tensor operators of rank k = 2. The random function , for a 
rigid spherical molecule undergoing Brownian motion, can be written as: 
0
2 ( )F t
[ ]0 02 0 2( ) ( )F t c Y t= Ω                                                                                                          (3.1.1.17)                        
where  is a function of physical constants and 0c [ ]02 ( )Y tΩ  is a spatial variable in the form of 
a second-order spherical harmonic function. Therefore, 
[ ] [ ]2 0 00 2 2
0
( ) Re ( ) ( ) exp( )qJ c Y t Y t i dω τ ωτ
∞⎧ ⎫⎪= Ω Ω + −⎨⎪ ⎪⎩ ⎭∫ τ
⎪⎬
                                               
(3.1.1.18) 
For isotropic rotational diffusion of a rigid rotor: 
2 2
0 02 2
2( ) ( )
5 (1 )
c
q q
q c
J c c jτω ωω τ= =+                                                                              
(3.1.1.19) 
Where 2 2
2( )
5 (1 )
c
q
q c
j τω ω τ= +  is the orientational spectral density function.  
Eq. (3.1.1.14) can be used to calculate the evolution of any physical observable Q in the 
interaction frame: 
( ) ( ) ( ){ }† 01 ( ) , ,qT q qq k k
q
d dQ Tr Q t J Tr Q A A t
dt dt
σ ω σ⎧ ⎫ T σ⎡ ⎤⎡ ⎤= = − −⎨ ⎬ −⎣ ⎦⎣ ⎦⎩ ⎭ ∑                    (3.1.1.20) 
( ) ( )( ){ }† 01 ( ) , ,q q q Tq k k
q
J Tr Q A A tω σ⎡ ⎤⎡ ⎤= − − −⎣ ⎦⎣ ⎦∑ σ
                                                     
(3.1.1.21)
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Several operators describing the spin lattice couplings can have the same time dependence in 
the interaction frame. Therefore a general equation can be written in this case:35 
( ) ( ) ( )( ){ }† 0
,
1 ( ) , ,qT qq ki kj
i j q
d dQ Tr Q t J Tr Q A A t
dt dt
σ ω σ⎧ ⎫ ⎡ ⎤⎡ ⎤= = − −⎨ ⎬ ⎣ ⎦⎣ ⎦⎩ ⎭ ∑∑ q T σ−            
(3.1.1.22)
          
 
The non zero terms where i ≠ j are referred to as cross-correlation between two relaxation 
mechanisms. In the next sections,  Eqs. (3.1.1.21) and (3.1.1.22) have been used to predict the 
relaxation behavior of LLS under various mechanisms. 
 
3.2 Dipolar Relaxation 
For spin-½ nuclei, dipolar relaxation is the major relaxation mechanism. LLS have very long 
relaxation time constants because the intramolecular dipolar interaction is ineffective. In this 
section, the effect of dipolar interactions on LLS is discussed. 
For a homonuclear two-spin ½ system, the dipolar Hamiltonian has the following form in the 
molecular frame:35 
{ }3DD ij Z ZH b I S I S= ⋅ −GG                                                                                                      (3.2.1)                       
where 
2
0
34ij ij
b
r
μ γ
π
⎛ ⎞= −⎜ ⎟⎝ ⎠
=  is the strength of the dipolar interaction. The Z-axis can be defined to 
lie along the main magnetic field, i.e., in the laboratory frame of reference. After carrying out 
the frame transformation, one obtains: 
( )2 2' 2 2 0 2
2 2
, (q q qDD
q q
2, )
qH F A c Yθ φ θ φ
=− =−
= =∑ ∑ A      where 200 34ij ijc b r
μ γ
π
⎛ ⎞= = −⎜ ⎟⎝ ⎠
=                        (3.2.2)                        
and θ and φ are the polar angles which connect the two frames discussed above. Table 3.2.1 
shows the components of the tensors.                                                           
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Table 3.2.1 
q 2 ( , )
qY θ φ  2qA  ωq 
0 ( )23 3cos 12 θ −  ( )
1 3 .
6 z z
I S I S−  0 
± 1 ( )3sin cos exp iθ θ φ± ±  ( )1
2 z z
I S I S± ±+∓  ω
 
± 2 ( ) ( )23 sin exp 22 iθ φ±  ( )12 I S± ±  2ω 
           
Considering isotropic rotational diffusion of a rigid rotor, 
2
0 2 2
2( ) ( 1)
5 (1 )
q q c
q
q c
J c τω ω τ= − +                                                                                          (3.2.3)                         
The relaxation matrix can be expressed in the orthonormal basis of Liouville operators that 
can be chosen depending on the ranks of the spherical tensors, i.e., coherence orders. Due to 
the secular approximation, there are no terms which connect different orders of coherences as 
the relaxation matrix is block-diagonal in this particular basis. The Liouville basis described 
according to coherence orders can be written as shown in table 3.2.2. 
 
Table 3.2.2 
Coherence order Operators 
0 , , , 2 , 2 , 2z z z z xE I S I S ZQ ZQy  
±1 
1 1 1 1, , , , 2 , 2 , 2 , 2
2 2 2 2
I z z z zI S S I S I S I S I S+ − + − + − + −
 
±2 2 , 2x yDQ DQ  
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where 
( )
( )
x x x y y
y y x x y
ZQ I S I S
ZQ I S I S
= +
= −      and   
( )
( )
x x x y y
y y x x y
DQ I S I S
DQ I S I S
= −
= +           
 
The relaxation matrix corresponding to the dipolar interaction in the basis defined above is:21  
  
DDΓ =
6×6
0
DDΓ
8×8
1
DD
±Γ
2×2
2
DD
±Γ
0
0
where 
 
0
2 2
2
0 0 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 0
z z z
z z z
z z z z x
z z x x
y
auto cross
I I S
cross auto
I S S
DD auto cross
I S I S ZQ
cross auto
I S ZQ ZQ
auto
ZQ
R R
R R
R R
R R
R
↔
↔
↔
↔
⎡ ⎤⎢ ⎥⎢ ⎥−⎢ ⎥⎢ ⎥−⎢ ⎥Γ = ⎢ ⎥−⎢ ⎥⎢ ⎥−⎢ ⎥⎢ ⎥⎢ ⎥−⎣ ⎦
                 (3.2.4) 
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1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0
z z z
z z
z z z
auto cross
I I S
auto cross
I I S
cross auto
I S S
cross auto
I S S
DD auto cross
I S I S I S
auto cross
I S I S I S
cross
I S I S I S
R R
R R
R R
R R
R R
R R
R R
+ + +
− − −
+ + +
− − −
+ + +
− −
+ +
↔
↔
↔
↔±
↔
↔
↔
− −
− −
− −
− −Γ = − −
− −
− − 0
0 0 0 0 0 0
z z z
auto
cross auto
I S I S I SR R
+
− − −↔
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥− −⎢ ⎥⎣ ⎦
z −
⎥⎥
                                                                                                                                                                           
(3.2.5) 
and                                                                                                                                   
2
0
0
x
y
auto
DQ
DD auto
DQ
R
R
±
⎡ ⎤−⎢Γ = ⎢ −⎣ ⎦
                                                                                                          (3.2.6) 
 
3.2.2 Effect of dipolar relaxation on LLS 
It is necessary to define a proper orthonormal basis to describe the evolution of the singlet and 
triplet states under coherent and fluctuating Hamiltonians. It has been shown earlier that the 
relaxation matrix is block-diagonal with respect to the coherence orders, due to the secular 
approximation. The LLS is comprised of operators with zero coherence order. Therefore, it is 
sufficient to consider only the zero quantum block of the relaxation matrix to examine the 
relaxation properties of LLS. Here, we use the basis of Liouville operators in the zero 
quantum block, as in Pileio et al:20 
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 }{
( )
( )
( )
0 0 0 0
0
0 0
1 ,
2
,
1 ,
2
1 2 ,
6
,
LLS
S S T T T T T T
Q
T T T T
ST
T T T T T T
L
L
+ + − −
+ + − −
+ + − −
+
−
⎧ ⎫+ + +⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎪⎪ − ⎪⎪= ⎨ ⎬⎪ ⎪− + −⎪ ⎪⎪ ⎪⎪ ⎪⎪ ⎪
⎪
⎪⎪ ⎭⎩
                                                          (3.2.2.1) 
where 0 0
0 0
L S T
L T S
+
−
=
=    and  
 (0 0 0 013LLS LLSQ N S S T T T T T T+ + − −⎡ ⎤= − + +⎢ ⎥⎣ ⎦)                                               (3.2.2.2) 
It is now possible to calculate the elements of the relaxation matrix in the basis defined in Eq. 
(3.2.2.1). The matrix representation of the relaxation superoperator assuming extreme 
narrowing limit (i.e., ( ) ( )0qJ Jω = ): 
2
2
2
2
0 0 0 0 0 0
0 0 0 0 0 0
3
0 0 0 0 0
2
9
0 0 0 0 0
10
0 0 0 0 0
2
0 0 0 0 0
2
ij c
ST ij c
DD
ij c
ij c
b
b
b
b
τ
τ
τ
τ
⎛ ⎞⎜ ⎟⎜ ⎟⎜ ⎟−⎜ ⎟⎜ ⎟⎜ −Γ = ⎜ ⎟⎜ ⎟⎜ ⎟−⎜ ⎟⎜ ⎟⎜ ⎟−⎜ ⎟⎜ ⎟⎝ ⎠
⎟                                                                 (3.2.2.3)                 
 
It can be seen that QLLS, the population difference between the singlet and the mean of the 
three triplet states, is immune to the dipolar interaction, thus has a long lifetime. Therefore, it 
is necessary to point out how one can see these long lifetimes by experiments, or in other 
words, when the similarity transformation becomes relevant to describe a physical 
phenomenon. In fact, in the experiments described in this thesis, the basis transformation 
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becomes relevant when the system evolves under RF irradiation. In low field experiments,14 
this occurs when the sample is taken out of the magnetic field. In both cases, the 
eigenoperators of the spin system become the eigensystem of the isotropic scalar coupling 
Hamiltonian (which has been described in Section 2.1). In high field experiments, coherent 
processes can induce a leakage from the LLS to other fast-relaxing states as has been 
described in details elsewhere.19-20 In the following section, relaxation caused by other 
mechanisms, such as the Chemical Shift Anisotropy (CSA), is discussed. 
 
3.3 Relaxation of LLS caused by CSA 
The chemical shift (CS) Hamiltonian of a nuclear spin, in the principal axes of the CS tensor, is 
given by: 
I
CS IH Iγ σ= ⋅ ⋅
G GG B                                                                                                                  (3.3.1) 
Where  σG  is chemical shielding tensor and BG  is the magnetic field.        
In the frame of the principal axes of CS tensor, the Hamiltonian is given by:35 
0
, ,
I
CS I a aa a
a x y z
H I Bγ σ
=
= ∑                                                                                                       (3.3.2) 
It is possible to split Eq. (3.3.2) into an isotropic term, which is invariant under rotation, and 
an anisotropic term which causes relaxation. The anisotropic part has the following form: 
(|| 0 33ICSA I Z Z )H B I B Iσ σγ ⊥−= ⋅ −G G                                                                                       (3.3.3) 
Here the CS tensor has been assumed to have a cylindrical symmetry with || xxσ σ= ,
yy zzσ σ σ⊥ = = . 
For convenience, the same frame transformation for obtaining Eq. (3.2.2) from Eq. (3.2.1) can 
be carried out for Eq. (3.3.3) to obtain: 
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( )2 2
2
, 2
I q
CSA
q
qH F θ φ
=−
= ∑ A                                                                                                      (3.3.4) 
The main component of the magnetic field is along the z-direction. All other components of 
0B vanish. We shall address the effects of CSA interactions on the relaxation of an LLS in a 
system with only two spins I and S. The principal axes and orientations of the CSA tensors 
characteristic for a planar molecule are defined in Fig. 3.3.1.  
 
I
S
β
α
θ=α-β
σSxx
σSyy
σIxx
σIyy
Figure 3.3.1. Principal values and relative orientations of CSA tensors in a system of two spins I and S such as 
two aromatic protons. The zz components (not shown) of the two CSA tensors are assumed to be both 
perpendicular to the plane of the paper and hence to the internuclear vector rIS. The σIxx and σSxx components 
subtend an angle θ. 
The tensor operators for the CSA interactions of spins I and S, along with the relevant frequencies, 
are given in Table 3.3.1. 
q 
2
qF  2
qA  
0 4a 0
3
K
jjσ ωΔ ( )23 3cos 12 θ −  Kz 
±1 b 0
3
K
jjσ ωΔ  ( )3sin cos exp iθ θ φ±∓  ∓K± 
±2 - - 
Table 3.3.1. Tensor operators with 
2
1=a , 
2
3=b . The other symbols have their usual meaning. The tensor operators 
2
qA  for the CSA interaction of spins I or S are defined using jj jj zzσ σ σΔ = − , yxj ,= . 
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It is now possible to use the master equation (Eq. (3.1.1.21)) to evaluate the rates of various 
observables under CSA relaxation. As the procedure is the same as described for the dipolar 
interaction, we shall focus on the relaxation behavior of LLS under CSA.  
The LLS eigenoperator QLLS, which decays with a relaxation rate RLLS, corresponds to the difference 
between the population of the singlet state and the mean of the populations of the three triplet states 
as defined in Eq. (3.2.2.2). Since QLLS commutes with all tensor operators that represent the I-S 
dipole-dipole (DD) interaction, it is not affected by dipolar relaxation between the two active spins, 
i.e.,  if there are no further spins. On the other hand, the contribution of the CSA 
interactions of spins I and S to the relaxation of QLLS is:18 
0
LLS
DD
QΓ =
( ) ( )( ){ }( ) †( ) 2
, , , ,
, , (cos ( ,ji
LLS
M qL qCSA CSA q T I S
LLS Q q k k eq ii jj
q L M I S i j x y
R J Tr Q A A t Pω σ σ
= =
⎡ ⎤⎡ ⎤= Γ = − − ⋅⎣ ⎦⎣ ⎦∑ ∑ ∑ ))φ σ σ
 (3.3.5)   
 where P2 is the Legendre polynomial and ( , )I Sii jjφ σ σ is the angle between the principal axes Iiiσ  
and Siiσ  of the CSA tensors of the two spins. The tensor operators with A = I or S are given in 
Table 3.3.1. If both CSA tensors have cylindrical symmetry (e.g., if I I Ixx yy zzσ σ σ≠ = , 
S S S
xx yy zzσ σ σ≠ = ), using the notations ,I S I S,xxσ σΔ = Δ , the CSA contributions to the auto-
relaxation rate of an LLS involving the spins I and S are given by:18 
  
( ) ( )
( ) ( )
2 2
0 0
0
2
0 0
0
2 2 0 3
3 3 3
4 32 0 3
3 3 3 2
I S
CSA
LLS
I S
R J
J J
σ ω σ ω ω
σ ω σ ω θω
⎡ ⎤⎛ ⎞ ⎛ ⎞Δ Δ⎢ ⎥ ⎡ ⎤= + +⎜ ⎟ ⎜ ⎟ ⎣⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
⎛ ⎞ ⎛ ⎞Δ Δ cos 1
J ⎦
−⎡ ⎤− +⎜ ⎟ ⎜ ⎟ ⎣ ⎦⎝ ⎠ ⎝ ⎠
⋅
                                                          (3.3.6) 
where ( , )I Sxx xxθ σ σ=  is the angle between the principal axes Ixxσ  and Sxxσ . 
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3.3.1 Similar CSA tensors with non-parallel principal axes 
In some cases, it can be inferred from molecular symmetry that the principal values of the CSA 
tensors of spins I and S must be similar. In this case, it may be possible to determine the 
relative orientations of the two tensors from the relaxation rates of LLS. If the two CSA tensors 
are similar and axially symmetric, we can further simplify the notation by using 
I Sσ σ σΔ = Δ = Δ , and Eq. (3.3.6) becomes:  
( ) ( ) ( )2 20 02 1 cos 2 0 33CSALLSR Jσω θΔ⎛ ⎞ ⎡= − ⋅ +⎜ ⎟ ⎣⎝ ⎠ J ω ⎤⎦                                                             (3.3.1.1) 
where ( , )I Sθ σ σ= is again the angle between the principal axes of the tensors Iσ  and Sσ . The 
auto-relaxation rate of Eq. (3.3.1.1) depends only on the chemical shift anisotropy Δσ and on 
the relative orientation θ of the two tensors (Fig. 3.3.1.1(A)).  
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Figure 3.3.1.1. (A) Theoretical CSA contributions RLLS
CSA  to the relaxation rates of LLS in the system of Fig. 3.3.1 at 
400 MHz (stars) and 800 MHz (diamonds), considering two CSA tensors with cylindrical symmetry (σxx ≠ σyy = σzz) 
and with the same anisotropy (σxx - σzz) = 10 ppm for both spins I and S, as a function of the angle θ = α – β between 
the orientations of the Ixxσ  and Sxxσ components. The rates were calculated for a correlation time τc = 0.05 ns. (B) 
Theoretical ratio of RLLS
CSA  to the CSA contribution to the longitudinal relaxation rates (Iz) = (Sz) of the 
individual spins as a function of the angle θ. This ratio does not depend on the static field B0. 
CSAR1
CSAR1
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In the extreme narrowing limit we have: 
2
2010 (0)(1 cos )
3
CSA
LLSR J
σω θΔ⎛ ⎞= ⎜ ⎟⎝ ⎠ −                                                                                (3.3.1.2) 
This rate can be compared with the CSA contributions to the longitudinal relaxation rates R1 = 
1/T1 of the individual spins: 
2
0
1 , 1 ,( ) ( ) 3 (0)3Z Z Z Z
CSA CSA CSA CSA
z I I z S SR I R S
σωΔ⎛ ⎞= Γ = = Γ = ⎜ ⎟⎝ ⎠ J                                       (3.3.1.3) 
Therefore, the ratio between the CSA contributions LLSCSAR  to the auto-relaxation rate of an LLS 
and the CSA contributions  to the longitudinal relaxation rates of the individual spins 
yields: 
CSAR1
CSA
LLSR /  = 10(1-cos
2θ)/3                                                         (3.3.1.4) CSAR1
thus providing direct information about the relative orientation of the two CSA tensors, i.e., 
about the angle subtended between their principal axes (Fig. 3.3.1.1(B)). Note that one must 
exclude the dipolar contributions DDLLSR , 1
DDR (Iz) and 1
DDR (Sz), which are field-independent in 
the extreme narrowing limit, to the relaxation rates.  
 
3.3.2 Different CSA tensors with parallel principal components 
If the principal components of the CSA tensors are parallel (θ = 0) and the CSA tensors have 
cylindrical symmetry (e.g., if I I Ixx yy zzσ σ σ≠ = , S S Sxx yy zzσ σ σ≠ = ),  
the rate only depends on the difference ( ) ( )I S I I S Sxx zz xx zzσ σ σ σ σ σ⎡ ⎤Δ − Δ = − − −⎣ ⎦  
( )
2
0 0
0
2 2 (0) 3
3 3 3
I S
CSA
LLSR J
σ ω σ ω ω⎛ ⎞Δ Δ ⎡= − +⎜ ⎟ ⎣⎝ ⎠ J ⎤⎦
S
                                                        (3.3.2.1) 
Thus, for two protons with Iσ σΔ − Δ
CSA
LLS
 = 5 ppm in the extreme narrowing limit (τc = 0.05 ns), 
the relaxation rates calculated are R  = 0.0012 s-1 at 400 MHz and 0.0045 s-1 at 800 MHz. 
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These rates increase to CSALLSR = 0.0472 and 0.1876 s
-1 for τc = 5 ns. These rates vanish 
regardless of the static field if the two CSA tensors are parallel in orientation and equal in 
magnitudes. These calculations, done using Eq. (3.3.2.1), were confirmed numerically by 
using the GAMMA program36, as described in the Simulations section. 
In a two-spin system where the CSA tensors are known to have cylindrical symmetry (σxx ≠ 
σyy = σzz) and have a known relative orientation θ, the variation of the relaxation rate CSALLSR  of 
LLS as a function of the B0 field can provide a measure of the difference between the 
anisotropies of the two spins, I Sσ σΔ − Δ  (Fig. 3.3.2.1). The profiles of CSALLSR  in the slow 
motion limit are very similar to those for extreme narrowing in Fig. 3.3.2.1, since J(ω0) << 
J(0). 
0 5 10 15 20 25 30
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0.01
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Figure 3.3.2.1. Theoretical CSA contributions CSALLSR  to the relaxation rates of LLS in the spin system of Fig. 
3.3.1 at 400 MHz (stars) and 800 MHz (diamonds), considering two CSA tensors with cylindrical symmetry (σxx 
≠ σyy = σzz) with parallel principal components (θ = 0) as a function of the anisotropy (σSxx - σSzz) that is varied in 
the range 0 < (σSxx - σSzz)  < 2(σIxx - σIzz) with (σIxx - σIzz) = 15 ppm. The rates were calculated for a correlation 
time τc of 0.05 ns. 
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3.4 Experimental evidence 
In order to obtain information about molecular symmetry and structure using Eqs. (3.3.1.2) and 
(3.3.1.3), the CSA contributions 1
CSAR (Iz) and 1
CSAR (Sz) to the longitudinal relaxation rates of the 
two active spins need to be known. In practice, this may be difficult for protons, since dipolar 
interactions tend to mask CSA effects, often by more than an order of magnitude, even in high 
magnetic fields. In order to obtain the desired information, the longitudinal relaxation rates 
1
CSAR  (Iz) and 1
CSAR (Sz) need to be measured in a similar molecule where the spin under 
investigation (say, spin I) has a similar environment, while the dipolar interaction with the other 
spin (S) is removed by substitution, for instance by a chlorine atom.  
The longitudinal and LLS relaxation rates have been measured in two related molecules (Fig. 
3.4.1): pentachlorobenzene (which contains an isolated I = ½ proton that is predominantly 
relaxed through CSA) and trichlorophenol (with two coupled protons that experience both 
dipolar and CSA interactions). We shall assume for simplicity that the CSA tensors of the 
protons are the same in the two molecules. The measurements were carried out at static fields 
of 9.4 T and 14 T (400 and 600 MHz for protons). In order to eliminate possible contributions 
from interactions other than the CSA’s, we considered ratios of differences between rates 
measured at different fields, rather than the ratios between the rates directly:      
1 1
(600 ) (400 )
( )(600 ) ( )(400 )
CSA CSA
LLS LLS
CSA CSA
z z
R MHz R MHzF
R I MHz R I MH
−= − z                                                 (3.4.1)                      
HI
Cl
Cl
Cl
Cl
Cl
pentachlorobenzene
HI
HS
Cl
Cl
OD
Cl
trichlorophenol
(OH ?OD)
A B  
Figure 3.4.1.  (A) Pentachlorobenzene, containing an isolated proton I predominantly relaxed by chemical shift 
anisotropy, with a CSA tensor assumed to be axially symmetric. (B) Trichlorophenol with a deuterated hydroxyl 
group, containing two protons I and S with CSA tensors that have similar anisotropies (σSxx - σSzz) ≈ (σIxx - σIzz). 
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The experimental ratio was found to be F > 2.6. With reference to Fig. 3.3.1.1(B), this ratio 
implies that the relative orientation θ of the most shielded components of the two CSA tensors 
σI and σS must fulfill the inequality θ > 60˚. The errors of 30 % in the calculated ratio F, and 
therefore in θ, are relatively large. 
In short, LLS have special relaxation properties for isolated spin pairs because the dipolar 
relaxation mechanism is inoperative. In the next chapter, the analysis of LLS for larger spin 
systems is described. 
 
3.5 Simulations 
To calculate contributions of various relaxation mechanisms to the Liouvillian, we considered 
two protons separated by a distance 2=ISrG Ǻ with two axially symmetric CSA tensors  
( I I Ixx yy zzσ σ σ≠ = and S S Sxx yy zzσ σ σ≠ = ) with different anisotropies I Ixx zzσ σ−  = 15 ppm and 
S S
xx zzσ σ− = 10 ppm, and with correlation times τc = 0.05 or 5 ns. The theoretical relaxation rates 
were compared with GAMMA simulations36  incorporating coherent evolution under the full 
spin Hamiltonian (expressed in units of ħ as usual), in addition to dipolar and CSA relaxation 
mechanisms: 
)(2 1 xxISzSzI SISIJSI ++⋅++=Η ωπωω                                    (3.5.1) 
The simulations were performed considering a difference between the chemical shifts (ωI- 
ωS)/(2π) = 74 Hz, a scalar coupling JIS = -12 Hz, and a radio-frequency amplitude ω1/(2π) = 500 
kHz. The decay of the populations of LLS was monitored for 1000 different relaxation 
intervals. The decays were then fitted to exponential functions using three fitting parameters. 
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  Chapter - 4 
Long-lived states in multiple-spin systems 
 The coherent and relaxation properties of long-lived states (LLS) in systems containing a pair 
of coupled protons (or other homonuclear spins) have been described in the previous chapters. 
However, it is not usual to find isolated spin pairs, and therefore the applications of LLS to 
the study of slow dynamic phenomena are rather limited. The applications of LLS should 
become increasingly widespread provided they can be excited in systems with more than two 
coupled spins.  
There has been significant progress towards extending the applications of LLS to systems 
featuring diverse spin patterns. For instance, spin states with long lifetimes can be excited in 
symmetric molecules like 4-hydroxybenzoic acid, citric acid, etc. (AA΄XX΄-type systems) 
with lifetimes TLLS up to 8T1.37 E. Vinogradov and A. Grant38-39 have given a theoretical 
analysis of the molecular geometries of systems that can sustain LLS. The magnetization 
transferred from para-hydrogen can also be used to enhance LLS.40-41 
For an n-spin system where n > 2, relaxation-favored spin permutation properties for 
eigenstates of the J-coupling Hamiltonian are harder to find, which makes the existence of 
LLS less obvious in multiple-spin systems. G. Pileio and M. Levitt have shown by theoretical 
analysis of LLS in the AMX type of systems that an effective way of identifying LLS in 
arbitrary spin systems is the diagonalization of their Liouvillians,42 which was also proposed 
by K. Gopalakrishnan and G. Bodenhausen.19  
Here, LLS are analyzed in some common amino-acids such as serine, aspartic acid etc., where 
the aliphatic protons form a coupled three-spin system.43 LLS, once identified in these 
molecules, can be excited and sustained by designing a suitable pulse sequence. We also 
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demonstrated that LLS can be found in systems with larger number of spins, such as taurine 
and glycerol.  
 
4.1 Theory 
The equation of motion of the density operator, in the presence of coherent and stochastic 
interactions, is given by: 
ˆ( ) ( )d t L t
dt
σ σ=                                                                                                                   (4.1.1) 
Where the Liouvillian superoperator Lˆ  can be expressed as: 
ˆ ˆL iH T=− + ˆ                                                                                                                        (4.1.2) 
Here, Hˆ is the coherent evolution superoperator, associated with the Hamiltonian, H, of the 
system and Ωrs  is the characteristic frequency of the associated basis operator: 
Ωrs  = <Br|[H, Bs]>                                                                                                              (4.1.3)                         
while  is the relaxation superoperator, generated by fluctuations of random fields: Tˆ
†ˆ ( ) , ,q q qq r k k s
q
T J B A A Bω ⎡ ⎤⎡ ⎤= − ⎣ ⎦⎣ ⎦∑
                                                                                
(4.1.4) 
The Liouvillian superoperator Lˆ can be expressed as an matrix in Liouville space, 
where N is the number of spin states, given by 2n for the case of n coupled spins - ½. The 
superoperator 
2N N× 2
Lˆ can be diagonalized to obtain N2 eigenvalue-eigenoperator pairs: 
ˆ
q qLB b B= q
qi
                                                                                                                          (4.1.5) 
where q ϵ (1,2,3…,N2). 
The eigenvalues bq are complex with negative real parts, and can be expressed as: 
q qb λ ω=− +                                                                                                                      (4.1.6) 
where qλ  and qω are real.  
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The eigenoperators with real eigenvalues correspond to spin-state populations and remain 
conserved under coherent evolution, but decay with their respective relaxation rates qλ . 
Sorting the values λq in ascending order yields the slowest-relaxing states B1, B2, B3,… BN2, 
where B1 measures the sum of all populations and has the eigenvalue zero. In this way, 
Liouvillian diagonalization can provide the Liouville state (operator) with the slowest decay 
rate, i.e., the LLS.42 As the Liouvillian consists of both coherent and relaxation terms, the 
structure of the LLS depends on the chemical shifts and J-couplings, as well as on molecular 
properties like internuclear distances and CSA tensors.18,44 
 
4.2 Simulations 
The Liouvillian for a three spin-½ scalar coupled system was constructed and diagonalized 
using GAMMA libraries.36 The Liouvillian diagonalization yields 64 eigenstates for a three-
spin system. For instance, acrylic acid is a suitable system and has been shown to possess 
long lifetimes if its magnetization is enhanced by chemical reduction of its precursor 
propiolic acid (CH≡C-COOH)  with para-hydrogen.40 The structure of acrylic acid, along 
with its 1D proton spectrum is shown in Fig. 4.2.1. 
 
 
 
53 
 
Long-lived states in multiple-spin systems 
 
R
I
S
H H
COOHH
5.566.5
νRνSνI
δ(ppm) 6.5 6.0 5.5
1H (ppm)
I
R
S
 
 
Figure 4.2.1. The molecular structure of acrylic acid and its 1D proton NMR spectrum at 500 MHz (B0 = 11.75 
T) and 298 K. The three protons I, S, and R are coupled by JIS = 17.3 Hz, JIR = 1.4 Hz, and JSR = 10.4 Hz. 
 
One type of states with small real eigenvalues, and therefore long lifetimes, can be expressed 
as follows: 
(1
3
ISR
IS IR SRQ I S I Rλ λ λ= ⋅ + ⋅ +
G GG G G )S R⋅ G                                                                               (4.2.1) 
 We call them quadratic states because they can be expressed as combinations of bilinear or 
quadratic operators. 
Another type of LLS, which we call cubic states, contain trilinear products of operators: 
( ) ( ) ( )/ 4 / 4 / 4
3 3 3
ISR IS SRIR
x x x x x xC T I S E R T I R E S T S R E Ix xT
μ μμμ ⎡ ⎤ ⎡⎡ ⎤= + ⋅ − − + ⋅ − − + ⋅ − −⎣ ⎦⎣ ⎦ ⎣ ⎤⎦
G GG G G G
(4.2.2) 
where E is the identity operator, and x x x xT I S R=  is the cubic (trilinear) product of Cartesian 
spin operators. 
The coefficients λ and μ reflect the coherent part of Hamiltonian, as well as the geometry of 
the system which determines the randomly fluctuating dipole-dipole interactions of the 
Liouvillian that leads to relaxation.44 
54 
 
Long-lived states in multiple-spin systems 
 
For the simulations, the rotational correlation times for various molecules were obtained from 
the initial spin-lattice recovery time constants of protons I, R and S (Fig. 4.2.1) and the atomic 
coordinates were obtained from the crystal structures. A continuous-wave RF field with an 
amplitude γB1x/(2π) = 5 kHz, with the carrier set at the mean frequency of spins I and R, ν0 = 
(νI + νR)/2, was used to suppress the chemical shifts.  
In the case of acrylic acid, the coefficients obtained from the molecular geometry were: 
for state ISRQ  of Eq. (4.2.1): λIS = -0.23, λIR = 0.93, and λSR = 0.28, and 
for state ISRC  of Eq. (4.2.2): μx = 0.51, μIS = -0.19, μIR = 0.80, and μSR = 0.24. 
The squares of these coefficients sum up to 1, since the states are normalized. Considering 
only the dipolar relaxation mechanism, the relaxation time constants for the quadratic and 
cubic states are predicted to be TLLS (QISR) = 37 s and TLLS (CISR) = 50 s for a rotational 
correlation time τc= 22 ps. When one takes into consideration the contributions to relaxation 
stemming from anisotropies of the chemical shift tensors, the lifetime of CISR is shorter than 
that of QISR, so the latter is likely to be the longest-lived state under realistic conditions.  
Some amino acids such as aspartic acid, serine, asparagine, cysteine and histidine  feature 
coupled three-spin systems ( -CHα-CH2β-) and can be even more interesting to analyze 
because of their biological importance. Fig. 4.2.2 shows an assigned 1D spectrum of aspartic 
acid. For aspartic acid, the coefficients of the quadratic state are as follows: 
λIS = 0.11, λSR = -0.07, and λIR = -0.97. 
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Figure 4.2.2. The molecular structure of aspartic acid and its 1D proton NMR spectrum at 500 MHz (B0 = 11.75 
T) and 298 K, in a D2O solution without buffer. The three protons I, S, and R are coupled by JIS = 4.58 Hz, JIR = 
-17.7 Hz, and JSR = 7.02 Hz.  
 
After identifying the LLS, a pulse sequence was optimized in silico in order to populate this 
state. Since the state QISR is a linear combinations of states QJK (where )  
involving pairs of spins,  the starting point is a sequence designed to excite LLS of the former 
type (Pulse sequence I of section 2.2). The delays in the pulse sequence shown in Fig. 4.2.3 
were optimized to excite QISR operators for various molecules in table 4.3.1, sustain these 
states by continuous-wave irradiation and re-convert them to detectable coherences.  
{ }, , ,J K I S R∈
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Figure 4.2.3. A pulse sequence designed to populate LLS where the delays were optimized to excite QISR. The 
pulses with π, π/2 and π/4 are indicated by open, filled and hatched rectangles, respectively. The phases of the 
pulses are along the x axis unless otherwise specified. 
 
For instance, in the case of aspartic acid, the delays τ1 and τ2, optimized by simulations to 
obtain a maximum coefficient of the state QISR, were found to be τ1 = 14 ms and  τ2 = 15.5 ms. 
Using these values, the yield of the desired state at the beginning of the sustaining period τm 
was 0.9. Unwanted coherences were destroyed by gradients.  
 
4.3 Experimental results and discussion 
Table 4.3.1 shows the experimentally-measured relaxation time constants for various 
molecules.43 For systems featuring two close spins I and R, such as the Hβ protons in the 
amino acids mentioned above, and a spin S further away from the first two, e.g., the Hα proton 
in these amino acids, the spin-lattice relaxation of spin S has a time constant that is larger than 
those of spins I and R (i.e., (T1S = T1max)) while spins I and R have similar T1 (T1 I ≈ T1R). In 
table 4.3.1, the spin-lattice relaxation time constants (T1), fitted from initial recovery for the 
spins I, R and S of different molecules, are compared to the TLLS achieved. The gain in 
lifetimes afforded by the use of LLS, as quantified by the TLLS/T1I,R ratio, is approximately a 
factor between five to nine while the ratio TLLS/T1max is approximately two for all systems 
except for histidine, where dipolar interactions with nearby aromatic protons significantly 
reduce TLLS. 
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Molecule T1I,R (s) T1S (s) TLLS (QISR) (s) TLLS /T1I,R TLLS / T1S 
Acrylic Acid 5.7 ± 0.3 22 ± 1 53 ± 3 9.2 2.3 
Aspartic Acid 1.22 ± 0.05 5.8 ± 0.3 10.9 ± 0.5 9.1 1.9 
Asparagine 1.20 ±  0.05 5.4 ± 0.3 11.2 ± 0.6 9.3 2.1 
Serine 1.7 ± 0.1 7.6 ± 0.4 13.6 ± 0.7 7.9 1.8 
Cysteine 1.7 ± 0.1 7.7 ± 0.4 12.4 ± 0.6 7.3 1.6 
Histidine 1.0 ± 0.05 4.9 ± 0.3 5.3 ± 0.3 5.1 1.1 
 
Table 4.3.1. Experimental time constants T1 and TLLS(QISR) of protons in various molecules dissolved in D2O at 
500 MHz (B0 = 11.75 T) and 298 K. The paramagnetic oxygen content in the sample was reduced by bubbling 
gaseous nitrogen.   
 
The slow decay of the LLS in aspartic acid is compared in Fig. 4.3.1 with the decay of the 
deviation from equilibrium of the longitudinal magnetization of spin HS. 
 
Figure 4.3.1. Exponential decay of the longest-lived Zeeman magnetization in aspartic acid (insert), with 
T1(Hα) = T1max = 5.8 ± 0.3 s, compared with the decay of the long-lived state QISR, with TLLS = 10.9 ± 0.5 s. 
 
We have explored the existence of LLS in molecules containing a larger number of spins, 
namely taurine and glycerol dissolved in D2O. In taurine (Fig. 4.3.2), the four methylene 
protons constitute an A2X2 system. Long-lived states of the type , with I = A and S = X, ISQ
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have been found to have lifetimes longer than the T1 max in this system, with TLLS = 2.7 ± 0.1 s, 
while T1max = 1.02 ± 0.03 s at 800 MHz and 298 K. In glycerol, the five protons constitute an 
AA´BB´X system featuring long-lived states of the type QISR, with I = A, S = B, and R = X. 
Nearly exponential decays with TLLS = 7.34 ± 0.3 s were obtained, while the maximum spin-
lattice relaxation time constant was T1max = 3.6 ± 0.2 s at 500 MHz and 298 K. 
 
 
Figure 4.3.2 Molecular formulae and 1D spectra measured at 400 MHz and 298 K for taurine (left) and glycerol 
(right) dissolved in D2O. 
 
In brief, the applications of LLS can be extended to larger spin systems, including some 
common amino acids such as aspartic acid, serine, etc., as well as to taurine and glycerol. In 
the next chapter, the applications of LLS to small peptides and proteins are demonstrated. 
 
4.4 Experimental details 
The experiments were carried out at 500 MHz (B0 = 11.75 T) and 298 K using ~ 20 mM 
solutions in deuterated water. Gaseous nitrogen was bubbled through the samples for five 
minutes prior to the experiments in order to decrease dissolved oxygen. Eight transients were 
acquired for each LLS experiment using a relaxation delay of 30 s. Experimental relaxation 
time constants T1 and TLLS were obtained by fitting normalized spectral intensities to mono-
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exponentially decaying functions. Continuous-wave irradiation with an amplitude ν1 = 2.5 
kHz was used to sustain the LLS.  
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Chapter - 5  
Applications of long-lived states: from peptides to proteins 
The lifetimes of long-lived states (LLS), TLLS are immune to dipolar interactions between the 
spins involved, but are attenuated by external spins and paramagnetic species. There have 
been discussions about how the lifetimes of LLS are affected by the presence of other spins, 
connected by either scalar or dipolar couplings.39,42 For example, in the case of a partially 
deuterated saccharide, where a scalar coupled two-spin system is well isolated, TLLS = 26 ± 3 s 
has been observed while in the presence of external protons, i.e., when the molecule is not 
partially deuterated, the TLLS decreases to 1.5 ± 0.2 s.16 LLS can also be excited and preserved 
in symmetric molecules like citric acid (with spin patterns of the AA΄XX΄ type)37 for lifetimes 
TLLS up to 8T1.  
In the case of small peptides and mobile parts of proteins, LLS can be excited and preserved 
over timescales longer than T1 without any sort of deuteration, which is the concern of present 
chapter. LLS have been found in small peptides like Ala-Gly and in mobile parts of Ubiquitin, 
and used to measure diffusion coefficients with moderate pulsed field gradients (PFG’s).45 
 
5.1 LLS in a dipeptide, Ala-Gly 
The aliphatic CHα2 protons in monomeric glycine NH2CHα2COOH are magnetically 
equivalent, but they become diastereotopic in peptides and proteins. We have excited and 
preserved LLS in the dipeptide DL-Ala-Gly, where the spins I and S (I = Hα1 and S = Hα2) 
have a geminal J-coupling JIS = -17.4 Hz and a chemical shift difference ΔνIS = 0.12 ppm 
(61.4 Hz at 11.75 T, Fig. 5.1.1). Methods for creating such states in diastereotopic pairs of 
scalar-coupled protons in high magnetic fields B0 have been demonstrated by the group of M. 
Levitt and by ourselves15-16 and have been discussed in chapter 2.  
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Figure 5.1.1. 1D proton NMR spectrum of DL-Ala-Gly in aqueous solution at 11.75 T (500 MHz for protons) 
and 25 °C. The resonances of the diastereotopic CH2 protons of Gly are shown in the expanded region. 
 
Table 5.1.1 compares the values of TLLS and T1 for DL-Ala-Gly dissolved in D2O. Lifetimes 
TLLS ≈ 22 s are observed, which increase to 42 s when the O2 concentration is reduced to a 
significant extent by bubbling N2 through the solution (Fig. 5.1.2), while T1 does not change 
with N2 bubbling, so that the ratio TLLS / T1 increases from 13 to 25. 
 
T 
T1 (s) 
(Without 
N2 
bubbling) 
TLLS (s) 
(Without 
N2 
bubbling) 
TLLS / T1 
T1 (s) 
(After N2 
bubbling) 
TLLS (s) 
(After N2 
bubbling)
TLLS / T1 
D * 
10-10 
(m2s-1)
294 K 1.7 ± 0.1 22 ± 1 13 1.7± 0.1 42 ± 2 25 
4.9 ± 
0.5 
 
Table 5.1.1.  Lifetimes T1 and TLLS of the long-lived state associated with the diastereotopic CHα2 protons of Gly 
in DL-Ala-Gly dissolved in D2O.  
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Figure 5.1.2. Exponential fits of the relaxation time constants TLLS and T1 of the diastereotopic CHα2 protons of 
DL-Ala-Gly dissolved in D2O. N2 was bubbled so as to reduce the concentration of O2. The experiments were 
performed at 14.1 T (600 MHz for protons).  
 
The TLLS of the CHα2 pair are mainly affected by intra-molecular dipolar interactions with the 
protons of the neighbouring alanine residue. These interactions are modulated by the 
rotational correlation time of the dipeptide in solution. It can be seen from numerical 
simulations (Table 5.1.2) that the dipolar interactions with methyl protons of alanine mainly 
affect TLLS, to a larger extent than for Hα of alanine. 
 
Protons considered Simulated  TLLS(s) Simulated T1(s) Experimental T1(s) 
Gly-Hα, Hβ and 
Ala- Hα 
98 1.68 1.7 ± 0.1 
Gly-Hα,Hβ 103 1.71 -- 
 
Table 5.1.2. GAMMA simulations incorporating the evolution under the full spin Hamiltonian, consisting of the 
coherent part and relaxation, including DD and CSA interactions. The rotational correlation time τc was obtained 
by matching the T1 obtained from experiments. Atomic coordinates were obtained from the crystal structure of 
(Ala-Gly)2-Ser-Gly peptide.46 An RF amplitude νrf = 2.5 kHz was used for sustaining LLS. 
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The TLLS are also shortened by inter-molecular dipolar interactions, especially with dissolved 
paramagnetic oxygen. TLLS increases from 22 s to 42 s (Table 5.1.1), when N2 is bubbled for 
several minutes in order to reduce the content of dissolved O2 in the solution. 
Another sample of DL-Ala-Gly was prepared in a mixture of deuterated water and deuterated 
DMSO, which remains liquid at temperatures well below 273 K, thus allowing one to explore 
a wide range of rotational correlation times. Table 5.1.3 compares TLLS with T1 at various 
temperatures yielding the ratio TLLS/T1 = 7 even in the presence of oxygen, when molecular 
tumbling is considerably slowed down at 270 K. 
 
T 
T1 (s) 
(without 
N2 
bubbling) 
TLLS (s) 
(without 
N2 
bubbling) 
TLLS / T1 
T1 (s) 
(After N2 
bubbling) 
TLLS (s) 
(After N2 
bubbling)
TLLS / T1 
D x 
10-10 
(m2s-1)
294 K 
0.84 ± 0. 
0.04 
11.6 ± 
0.5 
14 
0.99 ± 
0.05 
16.3 ± 
0.8 
17 
2.17 ± 
0.09 
270 K 
0.65 ± 
0.03 
4.8 ± 0.2 7 
0.65 ± 
0.03 
8.2 ± 0.4 13 
0.91 ± 
0.05 
 
Table 5.1.3. T1 and TLLS of diastereotopic CHα2 protons of Gly in DL-Ala-Gly dissolved in a mixture of 70% 
D2O and 30% deuterated DMSO at two temperatures. 
 
5.2 Diffusion measurements on Ubiquitin using LLS 
At 270 K, the diffusion coefficient D = (0.91 ± 0.09) x 10-10 m2s-1 of DL-Ala-Gly is smaller 
than the typical diffusion constant of a small protein in water at room temperature, e.g., D = 
1.77±0.02 x 10-10 m2s-1 for Ubiquitin (76 amino acids, mass ca. 9 kDa) at 298 K.47 We 
measured the LLS lifetimes of the CHα2 pairs of the glycine residues in Ubiquitin dissolved in 
D2O at 310 K, having bubbled N2 to reduce O2 concentration before the experiments. Under 
these conditions, the TLLS of the terminal Gly-75 and Gly-76 (Fig. 5.2.1) were found to be TLLS 
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= 6.3 ± 0.3 and 6.4 ± 0.4 s, respectively. These values represent a gain in the lifetime of spin 
memory by a factor TLLS /T1 > 6 for the CHα2 protons in the same amino-acids, since their T1 
values are of the order of 1 s.  
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Figure 5.2.1. Exponential fits of  TLLS of long-lived spin states of the diastereotopic CHα2 protons in Gly-75 
(left) and Gly-76 (right) in Ubiquitin. The experiments were performed at 14.1 T (600 MHz for protons).  
 
One can assign Gly-75 and Gly-76 in the TOCSY spectrum of ubiquitin at 600 MHz (Fig. 
5.2.2) though the cross peaks are not well separated from the diagonal peaks, as the shift 
difference between the α-protons of Gly-75 and Gly-76 is very small (~ 50 Hz at 11.4 T or 600 
MHz).  
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Figure 5.2.2. Zoom from a TOCSY spectrum of Ubiquitin at 11.4 T (600 MHz), acquired using a mixing time 50 
ms. The signals obtained from an LLS experiment are plotted along the abscissa. 
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The long lifetimes TLLS of the CHα2 pairs in glycine residues of the highly mobile C-terminus 
are due to the fact that, on average, these protons are relatively remote from the bulk of the 
protein, so that dipolar interactions with spins belonging to the compact folded part of the 
protein are partly averaged out. From the simulations in Table 5.2.1, it can be seen that dipolar 
interactions with the protons of the adjacent residue give a significant contribution to 
shortening the lifetimes of LLS.  
Residue Spins included in simulations TLLS(s) 
Gly-76 Gly 76 -Hα1 and Hα2 > 400 
Gly-76 Gly 76- Hα1 and Hα2, Gly 75- Hα1 andHα2 28 
Gly-75 Gly 75 - Hα1 and Hα2 > 400 
Gly-75 Gly 76- Hα1 and Hα2, Gly 75- Hα1 and Hα2 24 
 
Table 5.2.1. GAMMA simulations incorporating the evolution under the full spin Hamiltonian, consisting of the 
coherent part and relaxation, including DD interactions. A rotational correlation time, τc = 4 ns was used and 
atomic coordinates were obtained from the crystal structure.48 An RF amplitude νrf = 2.5 kHz was used for 
sustaining LLS. 
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The TLLS of the CHα2 pairs of the other Gly residues (G10, G35, and G47) that are buried inside 
the core of the protein were also determined, but these lifetimes were found to be similar to 
their T1 (TLLS   ≈ T1   < 1 s). It is noteworthy that the methods presented here are by no means 
limited to glycine residues, as methods to excite LLS in other amino-acids have been developed 
43 and discussed in chapter 4. For instance, it  is possible to excite LLS in scalar-coupled three-
spin systems like serine, cysteine, aspartate, etc. but again their TLLS were found to be similar to 
their T1 ≈ 1s (Table 5.2.2). 
 
Residue TLLS (s) 
Gly-47 0.3 ± 0.1 
Gly-35 0.6± 0.1 
Asp-52 0.6± 0.04 
Asp-32,39 0.5± 0.05 
Ser-20 0.12 ± 0.02 
Gly-10 0.3 ± 0.03 
 
Table 5.2.2. TLLS in various residues of Ubiquitin. Experiments were done by adapting the chemical shift 
differences and J-couplings for each residue, respectively. 
 
Diffusion studies were carried out on Ubiquitin at 294 K in order to compare the necessary 
gradient strengths required for classical methods and for LLS method. The signal intensities 
(S) were fitted with the function: 
2
0
exp( )S D
S
κ= − Δ                                                                                                             (5.2.1)            
and two adjustable parameters, the diffusion coefficient D and the initial intensity S0, as a 
function of the parameter κ, which depends on the amplitude G and the duration δ οf the 
PFG’s: 
2κ = 2δγpsG                                                                                                                        (5.2.2) 
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where γ  is the gyromagnetic ratio, p = 1 is the coherence order, δ is the gradient duration, and 
the factor s = 2/π describes the surface of the sine-shape of  the gradients.49 A long diffusion 
interval (ΔLLS = 2 s) can be used because of the lifetime TLLS = 6.5 s (Fig. 5.2.3), as compared 
to the shorter interval (ΔSTE = 0.55 s for T1 ≈ 1 s) used in the conventional STE sequence, thus 
allowing one to limit the product of the duration δ (or the strength Gmax) of the PFG with 
diffusion delay ∆, by a factor of (ΔLLS/ΔSTE)1/2 ~ 2. The CHα2 proton pair of Gly-76 has a 
chemical shift difference ΔνIS = 55.7 Hz at 500 MHz and a scalar coupling JIS = -17.3 Hz. 
Very similar values for the diffusion coefficient D = (1.264±0.002) x 10 -10 m2s-1 were 
obtained by both methods (less than 1% deviation between the two measurements).  
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Figure 5.2.3.  Experimental study of translational diffusion in ~ 2 mM Ubiquitin dissolved in D2O at T = 298 K 
and B0 = 11.7 T (500 MHz) using long-lived states (LLS) (diamonds) and conventional STE (stars). The gradient 
amplitudes ranged between 3 < G < 45 Gcm-1 in the two experiments, while the gradient pulse durations were δ 
= 650 and 1200 μs, respectively. The diffusion intervals were Δ = 2 and 0.55 s, respectively. Very similar values 
for the diffusion coefficient D = (1.264±0.002) x 10 -10 m2s-1 were obtained by both methods (less than 1% 
deviation between the two measurements).  
 
In brief, LLS can have significantly longer lifetimes than T1 in the mobile parts of proteins 
but the dipolar interactions with external spins, e.g., in case of the residues inside the core of 
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Ubiquitin, the lifetimes TLLS decrease very fast, which makes LLS very sensitive probe to 
detect any structural changes. We followed the unfolding of Ubiquitin by addition of urea and 
varying pH which is described in next chapter.  
 
5.3 Experimental Section 
The experiments to measure TLLS for DL-ala-gly were carried out at 500 MHz (B0 = 11.75 T) 
and ~ 20 mM solutions in deuterated water and in  a mixture of 70% D2O and 30% deuterated 
DMSO at two temperatures, 294K and 270K. Gaseous nitrogen was bubbled through the 
samples for ten minutes prior to the experiments in order to reduce the concentration of 
dissolved oxygen. Eight transients were acquired for each LLS experiment using a relaxation 
delay of 30 s and an acquisition time of 2.73 s. Experimental T1 and TLLS values were obtained 
by fitting normalized spectral intensities to mono-exponentially decaying functions. 
Continuous-wave irradiation with an amplitude ν1 = 2.5 kHz was used for sustaining LLS.  
The experiments to measure TLLS and 2D-TOCSY on Ubiquitin were carried out at 600MHz 
and ~ 2 mM solution in D2O. Gaseous nitrogen was bubbled through the sample for ten 
minutes prior to the experiments in order to reduce the concentration of dissolved oxygen. 
During the sustaining period, Sinc pulses23 were used to sustain the long-lived state, the 
carrier was placed at the water frequency and a presaturation pulse of 1 s was applied before 
the beginning of the sequence. 128 transients were acquired for each LLS experiment using a 
relaxation delay of 10 s and an acquisition time of 2.73 s.  
 
5.4 Simulations 
To calculate contributions of various relaxation mechanisms to the Liouvillian, we carried out 
numerical simulations using GAMMA libraries,36 incorporating DD and CSA relaxation 
mechanisms in addition to coherent evolution under the full spin Hamiltonian. The atomic 
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coordinates of spins were taken from crystal structure while chemical shifts and J-couplings 
were measured from the 1D NMR spectrum. The decay of the populations of LLS was 
monitored for 100 different relaxation intervals. The decays were then fitted to exponential 
functions using three fitting parameters (initial amplitude, decay rate and an additive 
constant). RF amplitude, νrf = 2.5 kHz was used for sustaining LLS. 
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Chapter - 6 
Long-lived states to study unfolding of Ubiquitin 
Protein folding and unfolding is a very fundamental but complex phenomenon which remains 
very difficult to characterize, even after numerous methodological advancements in bio-
analytical techniques. Proteins undergo various conformational changes after their 
biosynthesis by the ribosome and molecular chaperons play a significant role in their folding. 
The phenomenon of folding is described by the energy landscape theory as a sequence of 
partially folded states leading to a three-dimensional native state.50  
Protein misfolding or unfolding lead to various diseases because folding of a protein into a 
correct three-dimensional structure is important for it to function properly.51 Therefore, 
understanding the phenomenon of protein folding is necessary to have insights into various 
cellular activities. Various methods like MD simulations, one- and two-dimensional NMR, 
fluorescence spectroscopy, etc., have been employed to shed light upon various pathways of 
protein folding but still the area has numerous ambiguities and remains a challenging 
objective. 
Ubiquitin is a small, highly-structured and stable protein with 76 amino acids that remains 
folded even up to 1000C.52 It is involved in targeting proteins for proteosomal degradation and 
cellular signalling pathways. It exists within eukaryotic cells both as monomer and polymeric 
forms called polyubiquitin chains.53 The crystal structure of Ubiquitin has been solved48 and 
was confirmed by multidimensional NMR.54 A large number of the amino acids (≈ 85 %) are 
involved in the H-bonded secondary structure, thus making it unusually stable.  
Unfolding of Ubiquitin has been extensively studied by various methods including two 
dimensional NMR, 2D–IR spectroscopy and MD simulations. Schanda et al55  have studied 
H/D exchange kinetics in Ubiquitin combining fast acquisition techniques with 2D NMR, 
71 
 
Long-lived states to study unfolding of Ubiquitin 
 
using rapid sample mixing in the NMR magnet. They have observed that H/D exchange of 
amide protons is the slowest for residues in β1-β2 strands and α-helix whereas the exchange is 
much faster in β-sheets at the C-terminal part of Ubiquitin. Brutscher et al56 have studied the 
backbone dynamics of the partially folded A state of Ubiquitin by NMR. They have observed 
that this state, which appears at low pH in a 60 %  / 40 % methanol / water mixture, retains a 
native-like structure at N–terminal (β1-β2 strands and α-helix) where as the C-terminal part 
undergoes a transition from a β-sheets to a structure with predominantly helical character. 
Cordier and Grzesiek57 have shown by following scalar J couplings across H bonds in 
Ubiquitin with increasing temperature that H-bonds between the β1-β5 antiparallel sheets are 
the least stable and that E64 Q2 is the weakest H-bond. The kinetics of thermal unfolding 
of Ubiquitin has also been studied by molecular dynamics simulations.58-59 The conclusion is 
that β-sheets in Ubiquitin are less stable than the α-helix, the weakest being the β structure at 
the C-terminus. Even after numerous studies of Ubiquitin unfolding, there still remain open 
questions, especially regarding the early steps of the process. 
The lifetimes of LLS are immune to the mutual dipolar interaction of the spins involved but 
are more sensitive than T1 or T2 to relaxation by external spins.60 We have measured the 
lifetimes of LLS in various amino acids of wild-type Ubiquitin while denaturing it by addition 
of urea and pH changes in order to extract information about the structural changes and its 
mobility during unfolding. In addition, we compared the values of relaxation time constants 
TLLS in various residues of Ubiquitin mutants,53 L69S and L67S with those in wild-type 
Ubiquitin. 
 
6.1 Ubiquitin denaturation using urea  
As it has been discussed in sections 4.3 and 5.1, LLS can be excited in amino acids like 
serine, aspartic acid, etc., as well as in Gly residues of dipeptide, Ala-Gly. Though LLS with 
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significant lifetimes have been observed in the mobile C-terminus in native state of Ubiquitin, 
TLLS in amino acids buried inside the core of Ubiquitin are similar to T1 because of the dipolar 
interactions with protons in the vicinity (as discussed in section 5.2), and therefore can 
provide information about structural changes during unfolding of Ubiquitin. We measured the 
TLLS in various amino acid residues of wild-type Ubiquitin after addition of 8 M urea at 
various pH (Table 6.1.1). LLS with significant lifetimes (TLLS > T1) were obtained in Gly-76, 
Gly-75 and Ser-65 but for other residues LLS lifetimes (TLLS) were similar to T1. 
 
Urea (M) pH TLLS(s) in Gly-76 TLLS(s) in Gly-75 TLLS(s) in Ser-65 
0 7 6.5 ± 0.4 6.3 ± 0.3 <1 
8 7 6.4 ± 0.3 3.85 ± 0.6 12 ± 1 
8 4.5 6.4 ± 0.3 2.9 ± 0.2 11± 1 
8 3 8.7 ± 0.4 --- 11± 1 
 
Table 6.1.1. The lifetimes TLLS for aliphatic protons in Gly-76, Gly-75 and Ser-65 of wild-type Ubiquitin while 
varying urea concentration and pH. 
 
The TLLS time constant of Gly-76 aliphatic protons remains unchanged upon addition of 8 M 
urea and even upon changing the pH from 7 to 4.5. However, TLLS increases from 6.4 s to 8.7 s 
when the pH is further increased to 3, thus indicating increased mobility at the C-terminus. 
Under these conditions (8 M urea and pH = 3), the proton chemical shifts obtained by 
TOCSY experiments are similar to the chemical shifts of unfolded Ubiquitin,61 thus indicating 
unfolding of the protein.  
In Gly-75, the TLLS time constant of the aliphatic protons decreases from 6.3 s to 4 s upon 
addition of urea and further decreases to 2.9 s when the pH is decreased to 4.5. It was not 
possible to measure TLLS in Gly-75 when the protein is completely denatured (at pH = 3) 
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because of spectral overlap. TLLS might decrease because of dipolar interactions with external 
protons arising from structural changes at the C-terminus. For instance, Arg-74 has a long 
side chain which might come closer to protons of Gly-75 due to structural changes. 
In Ser-65, the TLLS time constant is shorter than 1 s in the absence of denaturant (pH = 7), 
when the protein is in its most stable conformation and folded in its native state. While TLLS  = 
12 s is observed after addition of 8 M urea, the T1 remains unchanged (≈ 1 s), thus the ratio 
TLLS/T1 ≈ 12. The increase in lifetimes TLLS indicates structural changes in β5 which allow Ser-
65 to move out of the proton-rich core of Ubiquitin. 
 
6.2 Correlation experiments to study changes in chemical shifts with denaturation 
We performed TOCSY experiments in order to observe proton chemical shifts at various urea 
concentrations and various pH values, seeking information about possible structural changes 
occuring under these conditions. Fig. 6.2.1 shows the overlay of 1H - 1H correlation spectra 
obtained by TOCSY experiments at pH = 7, with urea (in red) and without urea (in green). 
The spectra do not differ significantly and information about possible structural changes 
induced by the addition of urea is difficult to obtain from this type of experiments. The 
spectra remain the same till pH = 4 but the chemical shifts collapse suddenly when the pH is 
changed from 4 to 3, thus indicating complete denaturation, as confirmed by the chemical 
shift assignment of denatured Ubiquitin in the literature.61 
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Figure 6.2.1. 1H - 1H correlation obtained from TOCSY experiments 62 at pH = 7 and T = 300 K, for native 
Ubiquitin (green), and after addition of 8 M urea (red).The experiments were carried out at 14.1 T (600 MHz for 
protons) with a mixing time τm = 80 ms.  
 
Fig. 6.2.2 (A) shows 15N - 1H correlations obtained by HSQC experiments on wild-type 
Ubiquitin (with natural abundance of the 15N isotope), dissolved in 90% H2O and 10% D2O at 
pH = 7 and after addition of 8 M urea. Many residues are found to be shifted significantly, 
thus indicating structural changes upon addition of urea. Most of these residues belong to 
either β1 or β5 (Fig. 6.2.2 (B)).   
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Figure 6.2.2. (A). 15N - 1H correlation obtained from HSQC experiments (with natural abundance of the 15N 
isotope) at pH = 7, native Ubiquitin (green), after addition of 8 M urea (red). The experiments were carried out at 
18.8 T (800 MHz for protons).  
 
 
Figure 6.2.2. (B). β-sheet structure in Ubiquitin. Stars indicate the residues which show a difference between 
chemical shifts in 15N - 1H HSQC spectra in Fig. 6.2.2 (A). 
 
Fig. 6.2.3 shows the signal intensity in LLS experiments with a sustaining period τLLS = 1 s at 
pH = 7 as a function of urea concentration (varying from 0 to 8 M). TLLS of various residues 
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change with initial addition of urea but maintains a constant value (same as Table 6.1.1) when 
urea concentration is increased from 2 M to 8 M. The intensity of signals of Gly-76 and 75 
decreases but the intensity of signal of Ser-65 increases, which means that by addition of urea 
a conformer with long lifetimes TLLS of Ser-65 starts to appear.  
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 I/
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1086420
Urea Conc. [M]
 Ser65 
1.0
0.8
0.6
0.4
I/I
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86420
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 Gly76
 Gly75
 
Figure 6.2.3. Normalized intensity of signals of Gly-75, Gly-76 (left) and Ser-65(right) using a sustaining period, 
τLLS = 1 s with increasing concentration of urea from 0 to 8 M. The Ser-65 signal intensity increases, while the 
Gly-75, -76 signal intensities decrease. 
 
6.3 Similarities with the mutants L69S and L67S 
We also measured TLLS in two mutants of Ubiquitin, L69S and L67S. Replacement of the 
hydrophobic leucine by a polar serine induces a loss of hydrophobic interactions, resulting in 
increase of the distances between α-β3 and α-β5 that makes the C-terminus of the protein 
more mobile.53 Fig. 6.3.1 shows the chemical shift assignment of Ser-65 and Ser-69 on 
TOCSY spectrum of L69S Ubiquitin compared with the spectrum from an LLS experiment 
(inset) where the spectral parameters of serine were used. It can be seen that LLS with 
significant lifetimes exist on Ser-65. 
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Figure 6.3.1. Selected region of 1H - 1H correlation spectra obtained from TOCSY experiments of Ubiquitin 
L69S. Chemical shifts of S69 and S65 have been assigned. The experiments were carried out at 14.1 T (600 
MHz for protons) with a mixing time, τm = 80ms. Inset - LLS spectrum of Ubiquitin-L69S showing the signals 
from the three side chain protons of Ser-65. τm = 1 s was used for sustaining LLS. 
 
Table 6.3.1 shows comparison of the lifetimes TLLS between mutated and wild-type Ubiquitin 
at pH = 7. In mutants, TLLS ≈ 15 s is observed in Ser-65 which is similar to the case of 
Ubiquitin with addition of 8 M urea. Also, the lifetimes of Gly-75 residue are shorter than 
those of Gly-76 which is also observed with addition of urea to wild-type Ubiquitin, leading 
to the conclusion that C-terminus of mutants has structural similarities with Ubiquitin at pH = 
7 and in presence of 8 M urea. 
 
 
 
 
 
 
78 
 
Long-lived states to study unfolding of Ubiquitin 
 
Urea (M) Protein type TLLS (s) in Gly-76   TLLS (s) in Gly-76    TLLS (s) in Ser-65   
0 Wild -Type 6.5 ± 0.4 6.3 ± 0.2 <1 
8 Wild - Type 6.41 ± 0. 3 3.85 ± 0. 6 12 ± 1 
0 L69S 4.2 ± 0. 3 1.4 ± 0. 1 15.0 ± 0.2 
0 L67S 2.9 ± 0. 3 --- 16.4 ± 0.2 
 
Table 6.3.1 The lifetimes TLLS of Gly-76, Gly-75 and Ser-65 in wild-type Ubiquitin at pH=7 and  various urea 
concentration, compared with the lifetimes of same residues in mutants of Ubiquitin (L69S and L67S).  
 
 
6.4 T1ρ measurements 
We measured values T1ρ63 in the corresponding amino acid residues of Ubiquitin at increasing 
urea concentrations, as well as for the L69S mutant Ubiquitin. Table 6.4.1 compares the 
values of T1ρ and TLLS in Gly-76 and Gly-75 of wild-type Ubiquitin at pH = 7, before and after 
the addition of 8M urea. Not much change in T1ρ’s is observed upon the addition of urea while 
TLLS in Gly-75 changes significantly upon addition of 8M urea. Before the T1ρ pulse sequence 
a J-filter was inserted, consisting of a combination of π-pulses and gradients for dephasing the 
undesired coherences obtained from other residues. 
Residue T1ρ (ms) 
Urea conc. = 0 M 
T1ρ (ms) 
Urea conc. = 8 M
TLLS (s) 
Urea conc. = 0 M 
TLLS (s) 
Urea conc. = 8 M 
Gly-75 110 ± 5 115 ± 5 6.3 ± 0.3 3.85 ± 0.6 
Gly-76 195 ± 10 190 ± 10 6.5 ± 0.4 6.41 ± 0.3 
 
Table 6.4.1. The comparison of lifetimes, T1ρ and TLLS in Gly-76, Gly-75 of wild-type Ubiquitin at pH = 7, with 
and without addition of urea. 
 
Table 6.4.2 shows T1ρ values for L69S. The T1ρ of Ser-65 is similar to Gly-76 which indicates 
that the Ser-65 is quite mobile, which is the reason why TLLS  = 15.0 ± 0.2 s is obtained for this 
amino acid. 
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Residue T1ρ (ms) 
Gly-76 120 ± 5 
Ser-65 200 ± 10 
  
Table 6.4.2. T1ρ in various amino acids of Ubiquitin, L69S at pH = 7 and T = 298 K. 
 
6.5 Discussion 
In light of the above observations, the stability of Ubiquitin decreases in the presence of urea. 
Under these conditions, H- bonds in β1-β2 hairpin and β1-β5 antiparallel sheets are affected, 
which can be seen by the comparison of HSQC experiments at pH = 7 in the presence and 
absence of urea (Figs 6.2.2 (A) and 6.2.2 (B)). The increase in TLLS of Ser-65 after the 
addition of urea indicates increased mobility of β5 because of the breaking of weaker H-bond 
interactions in the antiparallel β1-β5 sheet, which is in accordance with evidences reported in 
the literature about unfolding pathways of Ubiquitin where the β structure of Ubiquitin at the 
C-terminus has been found to be the least stable. 
 
6.6 Experimental Section 
The experiments to measure TLLS and 2D-TOCSY on Ubiquitin were carried out at 600MHz 
and ~ 2 mM solution in D2O. Gaseous nitrogen was bubbled through the sample for ten 
minutes prior to the experiments in order to reduce the concentration of dissolved oxygen. 
Before addition, urea was lyophilized twice in D2O for exchanging acidic protons with 
deuterium. pH of the solution was adjusted by concentrated HCl. For each residue, LLS 
experiments were run using the method described by Sarkar et al.16 During the sustaining 
period, the carrier was placed at the water frequency, Sinc pulses23 were used, and a 
presaturation pulse of 1 s was applied before the beginning of the sequence. 128 transients 
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were acquired for each LLS experiment using a relaxation delay of 10 s and an acquisition 
time of 2.73 s. Experimental TLLS values were obtained by fitting normalized spectral 
intensities to mono-exponentially decaying functions. 2D-HSQC for obtaining 15N - 1H 
correlations were carried out at 800 MHz on 2 mM Ubiquitin dissolved in a mixture of 90% 
H2O and 10% D2O. 
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Chapter - 7 
Long-lived coherences in high-field NMR 
In conventional NMR spectroscopy, narrowing homogeneous line widths is regarded as a 
considerable challenge. For large molecules, lines are very broad because of fast transverse 
relaxation, thus making NMR of large molecules and supramolecular assemblies difficult. This 
holds equally true for zero-, single-, and multiple-quantum spectroscopy. Though 
inhomogeneous line broadening can be reduced by using spin echoes,64 achieving further 
narrowing is a difficult task. Homogeneous broadening results from transverse relaxation due 
to stochastic interactions, and therefore its elimination by the experimentalist is hard.  
In some fortunate cases, stochastic interactions may cancel out mutually, thus leading to line 
narrowing. For instance, the fluctuations of dipole-dipole interactions and anisotropic chemical 
shifts can partially cancel each other if they have favorable relative orientations, a phenomenon 
which is used in Transverse Relaxation Optimized SpectroscopY (TROSY).65-71 Similar types 
of interferences between several dipolar interactions can also be observed in methyl groups.72 
These effects have brought major advances by increasing the size of proteins and protein 
complexes that are amenable to structural and dynamic studies by NMR from about 20 to 50 
kDa. 
In this chapter, another approach to narrow line-widths, inspired by the work of M. Levitt and 
co-workers, has been demonstrated. In analogy to LLS, which have remarkably long lifetimes, 
excitation of long-lived coherences (LLC’s) can lead to significant sensitivity and resolution 
enhancement. A transition between singlet and triplet states is normally symmetry-forbidden 
and therefore has a vanishing transition probability. However, under certain circumstances, the 
coherent superpositions across these forbidden transitions can be excited, and we refer to such 
superpositions as long-lived coherences (LLC’s).73-74 In contrast to the populations of long-
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lived states (LLS), which decay monoexponentially, the time-dependence of LLC’s is 
oscillatory and can be mapped in the manner of two-dimensional (2D) spectroscopy. For an 
LLC experiment, a control of the symmetry of quantum states is required that can be simply 
achieved, in conventional NMR, by switching a radio-frequency (RF) field on or off: if the RF 
field is switched on, the states are symmetric or antisymmetric under a permutation of the 
spins, i.e., singlet and triplet states; if it is switched off, the states have no permutation 
symmetry as the spins become nonequivalent because of their different Larmor frequencies. 
Recently, M. Levitt and co-workers have discussed similar transitions between symmetric and 
antisymmetric states in zero field, where a Rabi nutation of the two-level system, comprising 
the singlet and central triplet states, is brought about by irradiation with an electromagnetic 
field at extremely low frequency (ELF), typically on the order of a few tens of Hz.75 
LLC lifetimes can be significantly longer than the transverse relaxation times T2 of single 
quantum coherences (3 < TLLC/T2 < 9), depending on the correlation times. Therefore, 
monitoring the slow oscillatory decays of LLC’s by two-dimensional spectroscopy allows one 
to obtain very narrow lines with half widths at half height ∆νLLC = (πTLLC)-1 << ∆ν = (πT2)-1. 
This chapter comprises the experimental demonstration of excitation methods of LLC’s in 
small molecules, as well as in proteins. 
 
7.1 Theory 
If a continuous-wave (CW) radio frequency (RF) with an amplitude 1ν  is applied and the RF 
carrier, νRF, is placed half-way between the two chemical shifts:  
( ) / 2RF av I Sν ν ν ν= = +                             (7.1.1) 
The truncated Hamiltonian for a two spin-½ system, in a frame rotating at νav, can be written 
as (described in detail in section 2.1): 
1( )x xH I S JIν= + + ⋅S
GG
                                                                                                       (7.1.2) 
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This Hamiltonian is symmetric under the permutation of the spins I and S. Therefore, the spin 
system can be well described in singlet-triplet basis ΦSTB. 
The part of the total Liovillian, considering the deterministic Hamiltonian in Eq. (7.1.2) and the 
stochastic Hamiltonian for the dipolar interaction between spins I and S (described in section 
3.2), can be written as follows: 
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1
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0 0 0 0 0 0
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where  0 0
0 0
L S T
L T S
+
−
=
=    and  
 ( )0 0 0 013LLS LLSQ N S S T T T T T T+ + − −⎡ ⎤= − + +⎢ ⎥⎣ ⎦                
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( ) 21 32z z DD z z IS cR I S I S b τ⎛ ⎞= − + Γ + = ⎜ ⎟⎝ ⎠  is defined as the longitudinal relaxation rate.  The 
Liouvillian was calculated under the extreme narrowing limit where 1 2R R= .  
From Eqs. (7.1.3) and (7.1.4), it can be seen that either of 0 0S T  or 0 0T S (the 5th and 6th 
diagonal elements in the matrix), decay with the relaxation rate RLLC, which is three times 
smaller than 1R or 2R . 
Their linear combination, QLLC, can be written as follows: 
0 0 0 0LLCQ S T T S= +                              (7.1.5) 
We call these coherent superpositions between the singlet and central triplet states long-lived 
coherences (LLC’s). 
Their expression can be converted into Cartesian angular momentum operators: 
0 0 0 0 ´LLC z zQ S T T S I S= + = − ´                                                                                       (7.1.6) 
In the absence of an RF field, the operators of spins K = {I, S} need to be transformed back 
from the tilted interaction frame by:  
´ cos 0 sin
´ 0 1 0
sin 0 cos´
x xK K
y y
K Kz
K K
K K
K
θ θ
θ θ
⎛ ⎞ ⎛−⎛ ⎞⎜ ⎟ ⎜⎜ ⎟=⎜ ⎟ ⎜⎜ ⎟⎜ ⎟⎜ ⎟ ⎜⎝⎝ ⎠ ⎝ zK
⎞⎟⎟⎟⎠ ⎠
S
                                                                                 
(7.1.7) 
When θI,S ~ π/2, this simply amounts to relabeling Kz ´ → Kx, as suggested by Eq. (7.1.7). 
Therefore, QLLC in the rotating frame of reference is expressed as: 
LLC x xQ I= −                                                                                                                       (7.1.8) 
Thus, when the continuous RF field is suddenly switched on, the difference (Ix – Sx) in the 
product base ΦPB is converted into off-diagonal elements between the states ⎜S0> and ⎜T0> in 
the singlet-triplet base ΦSTB. These off-diagonal elements correspond to long-lived coherences 
(LLC’s).  
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The density operator of the form QLLC in Eq. (7.1.8) does not commute with the isotropic 
scalar coupling Hamiltonian, which causes it to undergo an evolution: 
( ), 2 2x x y z z yI S I S i I S I S⎡ ⎤− ⋅ = −⎣ ⎦GG                            (7.1.9) 
Therefore the evolution of LLC’s under the coherent part of Hamiltonian, provided that the 
applied RF field amplitude is strong enough to mask the chemical shift difference between the 
two spins, can be written as follow: 
( ) ( ) cos(2 ) (2 2 ) sin(2 )LLC x x y z z yQ t I S Jt I S I S Jtπ π= − + −                                  (7.1.10)                        
The LLC decay including both coherent effects and relaxation is given by: 
( 2 )LLC LLC LLCd Q R i J Qdt π= − +                          (7.1.11) 
The LLC’s oscillate with a frequency determined by the scalar coupling constant J (the 
imaginary part), while the relaxation rate RLLC (the real part) governs the slow decay and is 
compared to R2 to estimate the gain in line-width obtained by these methods. 
 
 In a system of two spin-½ nuclei, I and S, the rate R2 , predominantly determined by the dipolar 
interaction between these spins,34 is: 
( ) ( ) ( )22 9 0 15 6 2 +   20 extIS
bR J J Jω ω⎛ ⎞= + +⎡ ⎤⎜ ⎟ ⎣ ⎦⎝ ⎠ 2R                         (7.1.12) 
where 
2
0
34IS IS
b
r
μ γ
π= −
=  is the strength of the homonuclear dipolar coupling, rIS the distance 
between the spins I and S, and ( ) 2 21 c cJ
τω ω τ= +  the spectral density function. The term 2
extR  
comprises contributions from external random fields, anisotropic chemical shifts (CSA), and 
dipole-dipole (DD) interactions to remote spins. 
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In contrast to ‘longitudinal’ LLS, which are not affected by the dipolar interaction between the 
two spins I and S, the general formulation of the relaxation rate constant RLLC under the 
homonuclear dipolar interaction is given by:  
( ) ( ) ( )2 0 3 6 2 +
20
extIS
LLC LLC
bR J J J Rω ω⎛ ⎞= + +⎡ ⎤⎜ ⎟ ⎣ ⎦⎝ ⎠                         (7.1.13) 
If the extLLCR term is small, the LLC has a slower relaxation rate than single-quantum coherences 
in all motional regimes, i.e., for arbitrary molecular tumbling rates. The ratio, TLLC/T2 = ε = 3 
for fast-tumbling limit (τc << 1/ω0), increases to TLLC/T2 = ε = 9 for slow tumbling (τc >> 1/ 
ω0).76 Thus, if the extLLCR terms may be neglected, the ratio of the relaxation times should increase 
from TLLC/T2 = ε = 3 in small molecules to TLLC/T2 = ε = 9 in macromolecules, thus making the 
gain more significant for large molecules.  
 
7.2 Methods 
  
7.2.1 Method I - Excitation of LLC’s in a single pair of spins 
A suitable pulse sequence for exciting and detecting LLC’s73 is shown in Fig. 7.2.1.1.  
 
(CW)x
(π)x (π/2) y
t1
1 2 3 4 5
y
Figure 7.2.1.1. Basic experiment used for excitation, sustaining and detection of long-lived coherences (LLC’s) 
for one pair of protons at a time. The time-points of the experiment, given in circles, are mentioned in the 
equations. The vertical open rectangle represents a non-selective π/2 pulse. All pulses are applied along the x 
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axis, unless specified. The π pulse for semi-selective inversion has a sinc shape, a length of 70 ms, and a peak 
RF amplitude of 40 Hz. 
 
In the beginning of the experiment, at point τ1 in the sequence, the density operator σ1 
comprises only populations in thermal equilibrium:  
1 ( )z zI Sσ = +                          (7.2.1.1) 
A semi-selective (π)x pulse is applied only to spin S between τ 1 and τ 2:  
( )1 2 exp( )xR iπ−> = − S
S−
                        (7.2.1.2) 
so that the system at point τ2 is described by: 
( ) ( )
1
2 11 2 1 2 z zR R Iσ σ −− > − >= =                         (7.2.1.3) 
After applying a non-selective (π/2)y pulse to both spins: 
( )2 3 exp ( )2 y y
R i I Sπ− > ⎡ ⎤= − +⎢ ⎥⎣ ⎦                            (7.2.1.4) 
one obtains: 
( ) ( )
1
3 22 3 2 3 x xR R Iσ σ −−> −>= = S−
´
                                  (7.2.1.5) 
Between points τ3 and τ4, a continuous RF irradiation is switched on, so that the eigenstates of 
the system are switched instantaneously to the symmetry-adapted states ΦSTB.  As explained in 
Eq. (7.1.7), we can now rewrite the density operator at time point τ4, since θI,S ~ π/2: 
3 ´x x z zI S I Sσ = − = −              (7.2.1.6) 
The matrix representation of the density operator σ4 in the product base ΦPB can be 
transformed into the singlet-triplet base ΦSTB: 
σ4 = Iz´ - Sz´ = ⎜S0> < T0 ⎜ + ⎜T0> < S0 ⎜                                                                  (7.2.1.7) 
which is QLLC, oscillating with the frequency same as J-coupling and decaying with the rate 
constant  RLLC. 
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For the detection, it is sufficient to switch off the RF field so that the two spins become non 
equivalent. The density operator σ5 is given by: 
5 x xI Sσ = −                                                                                                                  (7.2.1.8) 
which is detectable through the RF coil. 
 
7.2.2 Method II - Broadband excitation of several LLC’s  
LLC experiments are not limited to studying one pair of spins after another. The semi-
selective inversion of several spins in rapid succession (i.e., within an interval shorter than T1) 
allows several LLC’s to be excited simultaneously in different subsystems. For instance, 
LLC’s can be excited simultaneously in Gly-75 and Gly-76 of Ubiquitin.74 
Fig. 7.2.2.1(a) shows the pulse sequence for simultaneous excitation of LLC’s in G75 and 
G76. There are three important differences between the broadband and selective methods for 
detecting LLC’s: i) a double-quantum (DQ) filter is inserted, prior to the LLC excitation. ii) 
Two semi-selective π pulses are needed to invert the two doublets. iii) The RF carrier was 
placed at the mean position between the two averages { ( , )av I Sν  and ' '( , )av I Sν } of the four 
chemical shifts during the sustaining period and a train of sinc shaped pulses was used to 
sustain the LLC’s on both residues simultaneously because the use of a simple CW irradiation 
is not sufficient in this case. We also used presaturation by a continuous-wave RF field (‘CW’ 
in Fig. 7.2.2.1(a)) to attenuate the residual water signal.  
The DQ filter has been used to suppress perturbing multiplets with smaller splittings that arise 
from other spin systems in the protein. This filter consists of a sequence of pulses, phase 
cycling to select double quantum coherences, pulsed field gradients, and matched delays  τ = 
1/(4J) = 14.7 ms, since |J| = 17 Hz for all glycine residues (irrespective of their environment). 
This filter creates pure in-phase coherences of the form ( )xx SI +  for Gly 75 and 76. Note that 
this filter also suppresses singlets quite efficiently. If no filters are used, the baseline for the 
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LLC experiment can be contaminated by unwanted signals from residues other than glycines, 
which degrade the signal purity and render the fitting process inaccurate. Fig. 7.2.2.1(b) 
shows the signal from both glycines at the end of the filter. 
 
CW
1/(4J) 1/(4J)
G1 G1 G2 G2
RF
t1 t2
Filter
3.5 3.6 3.7 3.8 3.9
Carrier position during 
2nd selective pulse
Carrier position during 
1st selective pulse
Carrier position during 
sustaining period
1H (ppm)
a
b
ϕ1 ϕ2 ϕ1 y
1/(4J)1/(4J)
Gly-76 Gly-75
 
Figure 7.2.2.1 Simultaneous excitation and observation of long-lived coherences (LLC’s) in high magnetic fields, 
illustrated for a system with two pairs of diastereotopic protons, i.e., Gly-75 and Gly-76 in ubiquitin (a) The 
sequence is preceded by a DQ filter described in the text. Open and filled rectangles represent non-selective π/2 
and π  pulses, respectively. All pulses are applied along the x-axis, unless otherwise specified. The pulse phases 
are: ϕ1 = x, y, -x, -y; ϕ2 = y, -x, -y, x and ϕrec = x, -x. (b) Proton signals of Gly-75 and Gly-76 in ubiquitin obtained at 
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800 MHz with the pulse sequence (a) acquired after the DQ filter.  The positions of the RF carrier for exciting 
LLC’s at different points are shown. 
 
 
7.3 Results and discussion 
 
7.3.1 LLC’s in a small molecule 
2,3,6-trichlorophenol, which contains two scalar-coupled aromatic protons, was used to 
determine the lifetimes of LLC’s. The typical 1D spectrum of 2,3,6-trichlorophenol is shown in 
Fig. 7.3.1.1(a). The experiments were performed by Method I described in section 7.2.1, which 
is good enough to excite LLC’s in one pair of spins. Fig. 7.3.1.1(b) shows the time-domain 
decay of LLC’s in 2,3,6-trichlorophenol in a field B0 = 9.4 T (400 MHz for protons) at room 
temperature, which yields a very precise value of J = 8.760 ± 0.001 Hz and a slow relaxation 
rate RLLC = 0.10 ± 0.01 s-1. A ratio ε = TLLC/T2 ~2.4 has been observed, i.e., a resolution 
enhancement by a factor 2.4.74 
In the 2D spectrum in Fig. 7.3.1.2(a), the chemical shifts can be seen in the direct ω2 
dimension, whereas only a single peak at 9.0 ± 0.2 Hz is observed in the ω1 dimension. This 
corresponds to the magnitude of the coupling constant J. Here, the ω1 dimension was not 
sampled long enough to avoid truncation effects (t1max = 14.3 s with 1024 points and ∆t1 = 14 
ms). 
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Figure 7.3.1.1 (a) Proton spectrum of the two weakly-coupled protons in 2,3,6 trichlorophenol at 400 MHz. (b) 
The experimental intensities (red lozenges) were plotted as a function of time t1 and fitted with a function
( ) ( ) ( )1 0 1 1cos 2 exp LLCI t I Jt R tπ= − . The best-fit parameters were J = 8.760 ± 0.001 Hz and RLLC = 0.10 ± 0.01s-1. 
The amplitude of the continuous RF irradiation was 2.5 kHz. Each experiment was performed with 4 transients 
with a relaxation delay of 30 s. J = 8.8 Hz was obtained from a conventional 1D spectrum. 
 
To obtain the optimal linewidth permitted by this method, one has to sample the indirect 
dimension as far as t1max = 5TLLC. The 2D spectrum in Fig. 7.3.1.2 (b), was recorded by 
undersampling the indirect dimension (t1max = 50 s with N1 = 200 points and ∆t1 = 250 ms). The 
linewidth is only 60 mHz, unaffected by truncation. The spectral width was reduced to 2 Hz in 
the indirect dimension, so that the signal appeared at the (aliased) frequency ν1 = 0.24 Hz.   
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Figure 7.3.1.2 (a) 2D spectra of 2,3,6-trichlorophenol at 400 MHz, where the chemical shifts and doublets appear 
in the ω2 dimension and the J coupling in the ω1 dimension. (b) Spectrum obtained with a spectral width reduced 
to 2 Hz in the ω1 dimension by under-sampling the t1. The folded signals appear at a frequency of 0.24 Hz. Both 
2D spectra were acquired in pure absorption mode using time-proportional phase increments (TPPI). (c) A 
column is extracted at ω2 = 9.31 ppm from spectrum. The linewidth is merely 60 mHz in the ω1 dimension.  
 
7.3.2 LLC’s in a protein 
To determine LLC lifetimes in a protein, we used a sample of Ubiquitin dissolved in D2O, 
where LLS were shown to exist in Gly-75 and Gly-76 (as described in section 5.2). Figs. 
7.3.2.1(a) and (b) show the monoexponential decays from R1ρ experiment, and the oscillatory 
decay of an LLC experiment in Gly-76 of Ubiquitin. In the terminal residue Gly-76 of 
Ubiquitin, it was found that ε = TLLC/T2 = 2.2.73  
The 2D experiment in Gly-76, performed with Method I, is shown in Fig. 7.3.2.1(c), where 
the full line-width at half-height of the signal was 1 2νΔ  = 600 mHz in the ω1 dimension. 
Undersampling leads to spectral aliasing, but it is easy to correct for this effect and find that 
the aliased signal corresponds to J = -17.17 Hz.  
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Figure 7.3.2.1 Excitation and observation of long-lived coherences (LLC’s) in Gly-76 of Ubiquitin in high 
magnetic fields. (a) Experimental T1ρ decay of ordinary in-phase single-quantum coherences that are spin-locked 
by continuous-wave (CW) RF irradiation, yielding the homogeneous relaxation rate constant R1ρ = 1/ T1ρ≈ R2 = 
1/ T2 = 5.6 s-1, i.e., T2 = 180 ms. (b) Oscillating signals (dots) due to the long-lived coherences (LLC’s)  obtained 
using method I. A fit to the function ( ) ( ) ( )1 0 1 1cos 2 expIS LLCI t I J t R tπ=
1H
−  (solid line) yields ⎥ JIS⎥ = 17.17 ± 0.08 
Hz and RLLC = 2.5 ± 0.7 s-1, i.e., TLLC = 400 ms, yielding TLLC/T2 = 2.2. (c) (Left) 2D spectrum of the LLC 
comprising the two inequivalent protons α  and 2H
α  (green spheres) of the terminal amino acid Gly-76 in the 
protein Ubiquitin (molecular mass 7600 Da, correlation time τc = 4.5 ns). The spectral window was reduced to 
10 Hz in the ω1 dimension (shown only up to 3 Hz), so that the folded peaks appear at 2.17 Hz. (Right) Cross-
section extracted from the 2D spectrum at ω2 = 3.84 ppm; the line-width in the ω1 dimension is 0.6 Hz.  
 
7.3.3 Simultaneous excitation of several long-lived coherences (LLC’s) in a protein 
Fig. 7.3.3.1 shows 2D LLC spectrum of Gly-75 and 76 in Ubiquitin, obtained at 800MHz, 
using the double excitation method shown in Fig. 7.2.2.1 (Method II).  The LLC’s in G75 and 
G76 were also excited simultaneously in 1D fashion, but the filter was used without the 
selection of double quantum coherences, i.e., using the pulse sequence of Method II with only 
94 
 
Long-lived coherences in high-field NMR 
 
95 
 
Gradients and π-pulses. Fitting yielded modulation frequencies ν1 = J = 17.00 ± 0.02 Hz for 
Gly-75 and J = 17.20 ± 0.01 Hz for Gly-76. The relaxation rates were found to be RLLC = 2.6 
± 0.1 s-1 for Gly-75 and 2.10 ± 0.08 s-1 for Gly-76. These results were compared against 
standard, narrow-band LLC experiments in the manner of Fig. 7.2.1.1, performed separately 
for Gly-75 and 76. The agreement between the two methods was found to be satisfactory. 
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Figure 7.3.3.1 Simultaneous excitation and observation of two LLC’s of the C-terminal Gly 75 and 76 residues in 
Ubiquitin: 2D LLC spectrum showing the signals arising from G75 and G76 at 800 MHz. The LLC’s were 
sustained by a sequence of contiguous sinc pulses, each of 1.2 ms length with a peak amplitude of 2.5 kHz. The 
RF carrier was placed at the mean position between the four chemical shifts of the two residues. The π pulses for 
semi-selective inversion had a sinc shape, a length of 70 ms, and a peak RF amplitude of 40 Hz. 
 
In brief, excitation of LLC’s can lead to significant resolution enhancements in NMR 
spectroscopy, depending on the correlation times and could find their applications in 
assignments of proteins. 
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Chapter - 8 
 
Long-lived states of magnetization enhanced by 
dissolution Dynamic Nuclear Polarization 
  
NMR spectroscopy is a major analytical technique because of the detailed information it can 
provide about structures, dynamics and interactions of biomolecules. Despite its many 
advantages, NMR suffers from poor sensitivity in comparison to other spectroscopic 
techniques. The reason behind the low sensitivity of NMR is the low magnetic energy of 
nuclear spins compared to the thermal energy at room temperature. Even the most sensitive 
nuclei, i.e., 1H, with 100 % natural abundance and a large gyromagnetic ratio, have a room-
temperature polarization of 5 ppm in a magnetic field of 1.5 T, thus an improvement by a 
factor 200,000 is theoretically possible. For nuclei with low gyromagnetic ratios like 13C or 
15N (1/4 for 13C and 1/10 for 15N compared to 1H), the theoretical enhancement factor is 
proportionately higher and can be even more beneficial because of the low natural abundance 
of the NMR-active isotope (1.1% for 13C and 0.36% for 15N). There have been significant 
technological advancements like introducing higher static magnetic fields and cooling the 
probe electronics in order to overcome this problem, which has made it possible to employ 
NMR successfully for structural determination and to study the dynamics of large 
biomolecules. 
Sensitivity can be improved by coupling the nuclear Zeeman energy levels to other energy 
levels having larger separations. Many methods have been proposed to enhance the 
polarization of nuclear spins, e.g., optical pumping, para-hydrogen-induced polarization 
(PHIP) and dynamic nuclear polarization (DNP). Optical pumping is a technique which uses 
circularly-polarized light to polarize electronic spins of gaseous metal vapors. This enhances 
the nuclear spin polarization of noble gases through collision and spin exchange with gaseous 
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metal vapors. For 129Xe, an enhancement factor of ≈ 11,000 compared to thermal equilibrium 
magnetization (at  9.4 T and T = 298 K ) has been observed by optical pumping, which 
corresponds to ≈ 10% polarization.77 In PHIP, para-hydrogen is inserted into a substrate 
molecule via catalytic hydrogenation. This method relies on the reduction of a double or triple 
bond in the molecule.78 
DNP can enhance the nuclear polarization up to four orders of magnitude and was 
theoretically predicted by A. Overhauser in 1953.79 Experimentally, it was demonstrated by T. 
R. Carver and C. Slichter when they detected a 100-fold increase in nuclear polarization, Li7 
in the solid state.80 In our case, the technique requires the presence of unpaired electrons that 
are added to the sample in the form of an organic free radical like TEMPO and irradiating 
near electronic Larmor frequency so as to saturate the EPR transitions. The enhanced nuclear 
polarization can be utilized to carry out solid state NMR. This is done, in practice, by 
irradiating ESR transitions using gyrotrons in the same magnet where the NMR experiment is 
performed. This technique is known as gyrotron DNP and allows one to improve the signal-
to-noise ratio by signal averaging or by recording multidimensional spectra, because the 
experiments can be repeated after a short time interval.81  DNP acquired rapid momentum for 
applications to routine liquid-state NMR experiments after J. H. Ardenkjaer-Larsen et. al. 
showed that a significant amount of polarization can be retained while the dynamically 
polarized solid sample is rapidly dissolved and transferred to an NMR magnet close to the 
polarizing magnet.82 This technique has come to be known as dissolution DNP. For instance, 
in the case of urea, a maximum 13C polarization of 37% can be obtained after dissolution, 
yielding an enhancement of 44’000 compared to thermal equilibrium at 9.4 T and room 
temperature (RT). Dissolution DNP experiments are very useful, but they are expensive in 
terms of time and cryogenics, as the polarization requires several hours to build up. Enhanced 
magnetization obtained from these kinds of experiments should be utilized within t < 5T1, 
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which makes it sensitive to intrinsically short spin-lattice relaxation lifetimes (T1). The short 
lifetimes of the polarization is one of the most serious constraints in the application of the 
technique to various areas and has kept it limited to applications to low-γ nuclei. The fact that 
spin order stored as LLS can last for time periods that are an order of magnitude longer than 
T1, implies that it can be useful to store enhanced magnetization as LLS by reducing the 
constraint on the interval between polarization and NMR detection. LLS can be excited in 
diastereotopic CHα2 protons of glycines in small peptides like Ala-Gly 45(as discussed in 
detail in section 5.1) and also in some amino acids like serine, aspartate, cysteine etc.43 (as 
discussed in detail in section 4.3). In this chapter, the methods to store enhanced 
magnetization as LLS in various spin systems are discussed. 
 
8.1 Long-lived states in a dipeptide via hyperpolarized carbon-13 
It is favorable to store enhanced polarization on 13C or 15N nuclei while transferring the 
rapidly dissolved liquid sample to the NMR magnet, because they have longer T1 's compared 
to protons. For instance, T1(15N)  ≈ 189 s in (CD3)315N+CH2CH2OH·Cl-  in D2O can be used to 
preserve the enhanced polarization during the voyage, prior to transferring the magnetization 
from 15N to 1H, via INEPT type experiments for detection,  so as to benefit from better 
sensitivity of  protons.83 It is noteworthy that the obtained nuclear spin polarization may be 
partly converted into detectable magnetization so as to have an efficient utilization of the 
enhanced magnetization. Also, one can benefit in a similar way from single-scan 2D-NMR 
spectroscopy, in which the sample is virtually sliced by using pulsed filed gradients (PFG’s).84 
In our case, natural-abundance 13C in the dipeptide Ala-Gly was hyperpolarized and the 
magnetization of 13CO of glycine was used to create LLS in CHα2 protons of glycine. 
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8.1.1 Methods 
The new experiment mainly consists of three steps (Fig. 8.1.1.1): (1) Hyperpolarization, 
consisting of polarizing the frozen beads of the sample in a home-built polarizer (B0 = 3.35 T 
and T = 1.2 K) followed by dissolution with a burst of hot water and rapid transfer within 6s 
of the polarized sample to a high-resolution magnet (in our case, B0 = 7.05 T and T = 300K); 
(2) INEPT-type transfer of the hyperpolarized magnetization from C-13 to protons; (3) 
Creation, sustaining and detection of LLS on protons. 
 
Enhanced 
polarization on C’
Transfer to Hα Creation of LLS Sustain LLS Detection
SUSTAIN LLS (and wait for 5 s)
3.8 3.6
1H (ppm)170 160 3.8 3.6
1H (ppm)
R R R RR
1 2 3
Figure 8.1.1.1. The DNP-LLS experiment: 1) Signal of hyperpolarized carbonyl 13C spins (highlighted in red) of 
Ala-Gly detected using a single 10° pulse (green trace) compared to a room-temperature spectrum (black trace) 
obtained by averaging 128 scans using 90° pulses; 2) Proton signals of the two Gly-Hα spins in Ala-Gly, after 
magnetization transfer from 13CO of Gly (in light and dark blue); 3) Conversion into an LLS involving 
inequivalent spins, sustaining of the LLS using WALTZ; detection of LLS: The same proton signals, following 
an interval τm = 5 s where LLS are sustained. 
 
The experiment described above was demonstrated on the dipeptide Ala-Gly. Natural-
abundance 13C nuclei were hyperpolarized as described in ref. 86. The long T1 of 13CO 
carbons of Gly allows one to transfer the polarized sample from the polarizer to the NMR 
magnet in 6 s while retaining a significant amount of polarization. The enhanced 13CO 
polarization is converted into antiphase proton magnetization, and then into LLS involving the 
diastereotopic CHα2 of the Gly residue, sustaining them, and finally transformed back into 
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detectable magnetization. The pulse sequence is shown in Fig. 8.1.1.2 and consists of mainly 
two parts: a) Pumping the polarization from 13CO to the α-protons of glycine, which can be 
done by using a refocused INEPT sequence for magnetization transfer from 13C to 1H. A spin- 
echo τ3-π-τ3 is then inserted to evolve the magnetization under homonuclear J-coupling so as 
to have antiphase terms on Hα1 and Hα2 of glycine. b) The long-lived states sequence, which 
includes the conversion of antiphase terms of Hα1 and Hα2 to LLS, then sustaining the LLS for 
a period τm and converting it back to detectable magnetization, as described in detail in section 
2.2. 
13C
1H sustain LLS
Long-Lived StatesPump polarization to 1H
τ1 τ1 τ2 τ3τ2 τ3 τ4
y
y
τ4
y
τ5 τ5
τm
a b
 
Figure 8.1.1.2. A. Pulse sequence for the DNP-LLS experiment used to transfer hyperpolarized natural 
abundance 13C magnetization to the CHα2 protons of Gly (a), excite and sustain LLS on these spins and 
transform this into detectable magnetization (b). Hatched, narrow and wide rectangles represent (π/4), (π/2), and 
π pulses, respectively. The phases are given only when they differ from x. The delays were: τ1 = 1/(8J1) = 24 ms, 
τ2 = 1/(4J1) = 48 ms, τ3 = 5/(4J2) - τ2 = 24.3 ms, τ4 = 1/(2ΔνIS) = 13.4 ms, and τ5 = 1/(4J2) = 14.5 ms, where J1 = 
J(C’,Hα1,2) = 5.2  Hz, J2 = J(Hα1,Hα2) = -17.3 Hz, and the chemical shift difference between the two 
diastereotopic protons ΔνIS = 0.12 ppm = 37.2 Hz at 7 Ts. The interval τm where LLS are sustained ranged from 
4 to 25 s. 
 
8.1.2 Results and Discussion 
An enhancement factor of at least 7600 has been measured on 13CO of Gly in Ala-Gly, which 
corresponds to a polarization P = (Pα-Pβ)/(Pα+Pβ) ≥ 5%. This lower limit is a rough estimate 
because of the poor signal to noise of the RT reference experiment of the same sample, 
consisting of Ala-Gly with natural abundance of 13C isotope.   
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Each dissolution-DNP experiment yielded 2 to 5 mL of hyperpolarized solution. Rather than 
using the entire amount for one NMR experiment, several experiments with different mixing 
times, τm were carried out. The remainder of the hyperpolarized solution was stored in a 
container located immediately above the high-resolution NMR probe. As the polarization 
level is not identical from one experiment to the next, because of relaxation, the final proton 
signal intensities were normalized dividing them by the intensity of the enhanced 13C signal 
measured by direct 13C detection after a 100 pulse. The ratio between the proton signal derived 
from the LLS and the 13C signal obtained in this manner was fitted to an exponential decay 
with three parameters.  
Relaxation time constants TLLS = 16 ± 0.6 s and T1 = 2.3 ± 0.2 s were measured at 298 K and 
7.05 T, in agreement with the value TLLS = 15 ± 2 s which was measured for a similar sample 
without DNP enhancement with same radical concentration (Fig. 8.1.2.1).  
However, in the case of Ala-Gly in degassed D2O, a value TLLS = 42.2 ± 0.2 s has been 
observed (discussed in section 5.1). Here, TLLS is shortened by dipolar interactions with 
radicals and paramagnetic species like O2 in solution. Recently, we have found that these 
paramagnetic species can be quenched using sodium ascorbate.85 This procedure improves 
both the polarization enhancement and lifetimes TLLS.  The T1 of the transporter nucleus may 
be either shorter or longer than the TLLS of the protons. In the present case, TLLS (1H)/T1(13C) = 
0.63 and TLLS(1H)/T1(1H) = 7 while in case of scalar coupled three-spin systems, for instance 
in serine,  the T1 of the transporter nucleus (i.e., Hβ) is shorter by a factor of ~ 2 compared to 
the TLLS of long-lived states on side chain protons, which can be exploited for creating 
enhanced LLS using 1H-polarization. This will be discussed in the next section. 
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Figure 8.1.2.1. Experimental verification of the lifetimes of enhanced LLS with a room-temperature experiment. 
Fits of the exponential decay of a DNP-enhanced long-lived state of the two Hα protons in Gly yielding TLLS = 15 
± 2 s (left), and LLS decay obtained without DNP enhancement in a similar sample, yielding TLLS = 16 ± 0.6 s 
(right). 
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8.2 Enhanced long-lived states in multiple-spin systems using proton DNP 
The applications of dissolution DNP to the most common nuclei, i.e., protons (1H), are still 
explored to a very limited extent because of the short spin-lattice relaxation times (T1) of these 
nuclei, irrespective of their fast polarization build up. The transfer from the DNP polarizer to 
the high-resolution NMR spectrometer (which requires typically 5 s in our laboratory) 
represents a major source of losses, since the polarization tends to decay during the transfer 
due to the spin lattice relaxation. This has kept applications of dissolution DNP mostly limited 
to low-γ nuclei with spin I = ½ such as 13C,86 15N,83 6Li87  and 89Y88 because they have 
comparatively long spin lattice relaxation times T1 in low fields.  
The experiment combining both dissolution DNP and LLS, where the magnetization is 
transferred from a polarized carbonyl 13C (in natural abundance, as described in the previous 
section), tends to be cumbersome because the build-up of 13C spin polarization typically 
requires about an hour to achieve a polarization P = (Pα - Pβ)/(Pα + Pβ)  = 10%. A nuclear 
polarization P(13C) = 10% corresponds to an enhancement of about four orders of magnitude 
in comparison to the room temperature Boltzmann distribution P(13C) = 0.6×10-5 at 300 K in  
a 300 MHz spectrometer. However, if the transfer of the magnetization to protons starts from 
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13C in natural abundance (ca. 1%), the net enhancement of the protons (compared to 100 % 
abundant protons with a room temperature Boltzmann polarization P(1H) =  2.5×10-5 at 300 K 
and 7.05 T) is only a factor 40.  The net enhancement can of course be improved by 13C 
isotope labeling of the molecule under investigation, but this short-cut is not always possible. 
In this section, we show how enhanced long-lived proton states can be excited directly from 
hyperpolarized protons, without taking recourse to any dilute low-γ ‘transporter spins’ such as 
13C. We start with a proton nuclear spin polarization enhanced to about P(1H) = 40% by DNP, 
which can be achieved in a time as short as 10 minutes at 1.5 K and 3.35 T. This does not 
require any isotope labeling and leads to a better enhancement factor for direct proton DNP-
LLS experiments, compared to previously reported indirect carbon-13/proton DNP-LLS 
experiments.  
 
8.2.1 Results and Discussion 
A challenging system with three scalar-coupled protons was used to illustrate the potential of 
the new experiments. In acrylic acid (CHIHR=CHSCOOH) dissolved in D2O (Fig. 8.2.1.1), 
long-lived states (LLS) delocalized over the three protons HI, HR and HS can have a lifetime 
TLLS = 52 s with a ratio TLLS/T1 = 2.7, provided paramagnetic species, i.e., stable radicals such 
as TEMPO and dissolved molecular oxygen are reduced to a significant extent.43 
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Figure 8.2.1.1. The labeling of the three protons in acrylic acid and the conventional proton spectrum at 500 
MHz (B0 = 11.75 T) and 298 K. The three protons HI, HS, and HR are coupled by JIS = 17.3, JIR = 1.4, and JSR = 
10.4 Hz. 
To carry out the experiment, frozen beads of acrylic acid mixed with a free-radical such as 
TEMPOL, are polarized in a home-built polarizer and then rapidly dissolved with hot water 
vapor, prior to the transfer to NMR spectrometer. Under the present experimental conditions, 
T1(HS) = 12 s is much longer than the other two protons in acrylic acid, T1(HI,R) = 5 s, by 
virtue of the internuclear distances between the three protons. Therefore, Proton HS retains 
maximum polarization as it suffers the least during the voyage, featuring an enhancement 
factor ε = 1000 or more compared to room temperature polarization as shown in Fig. 8.2.1.2.  
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Figure 8.2.1.2. Enhanced spectrum (red) of hyperpolarized acrylic acid obtained immediately after rapid 
dissolution. The free induction decay was excited with a 10o pulse. The conventional spectrum (blue) obtained at 
room temperature under similar conditions with a 10o pulse (x 100). An enhancement factor ε = 1000 is 
observed for HS in the central region. 
 
Enhanced HS magnetization is then stored in the form of LLS by using the pulse sequence 
shown in Fig. 8.2.1.3.  The pulse sequence consists of two parts: i) A coherence transfer 
sequence, which converts the enhanced HS magnetization to in-phase magnetization of HI and 
HR, and ii) An LLS sequence, which includes the excitation and sustaining of an operator QISR, 
then transforming it back to detectable magnetization. 
The delays in the pulse sequence have been optimized numerically to achieve the largest 
possible coefficient of the delocalized long-lived state described by a linear combination of 
operator products of the form:  
( )1
3
ISRQ I S I Rl IS IR SRλ λ λ= ⋅ + ⋅ +
G GG G G
S R⋅ G                          (8.2.1.1) 
where λIS = -0.23, λIR = 0.93, and λSR = 0.28 for acrylic acid.  
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Figure 8.2.1.3. The pulse sequence used for creating delocalized LLS in acrylic acid, starting with a 
hyperpolarized proton HS, with a transfer of magnetization from HS to HI and HR followed by the excitation of a 
long-lived state described by Eq. (8.2.1.1). 
 
The delocalized long-lived state in Eq. (8.2.1.1) is sustained for a mixing time τm using a 
suitable RF scheme. The resultant proton signal intensities from each experiment are 
normalized by dividing by the signal intensity of enhanced HS, measured in a preliminary 
experiment with a 100 pulse, so as to account for differences in enhancement in various 
experiments. Mono-exponential decays were obtained with TLLS = 51 ± 4 s (Fig. 8.2.1.4) when 
the sum of the normalized intensities were fitted. In the experiments carried out under similar 
conditions at room temperature without DNP, a value TLLS = 42 ± 2 s was obtained (Fig. 
8.2.1.4).  
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Figure 8.2.1.4. Fits of exponential decays of DNP-enhanced long-lived states on the two protons HI and HR in 
acrylic acid with TLLS (DNP) = 51 ± 4 s (Left). TLLS (RT) = 42 ± 2 s was obtained from the room temperature 
(RT) experiments under similar conditions (Right). 
 
It is noteworthy that similar enhanced long-lived states can be excited in some common  
amino acids like serine, cysteine, aspartate, etc. where states with long lifetimes are also 
described by linear combinations of product operators.43  In the case of serine, which has a 
side-chain HOCβH2-HCα-, we have observed an enhancement factor ε = 350 for the isolated 
proton (Hα) because it has a shorter T1 compared to the proton HR in acrylic acid. Here, 
TEMPOL was quenched by sodium ascorbate (Vitamin C) by mixing the frozen beads 
containing serine and TEMPOL, with equal number of frozen beads of 3 M sodium ascorbate 
prior to polarization.85  During the dissolution process, all beads melt rapidly, leading to the 
mixing of both solutions and rapidly quenching the TEMPOL radical by ascorbate.  
In brief, newly designed methods by combining LLS with dissolution DNP allows one to 
store enhanced magnetization for lifetimes TLLS  that can be significantly longer than T1. 
 
 
 
 
0 20 40 60 80 100
0
0.2
0.4
0.6
0.8
1
I/I0
t(s)
TLLS (RT)= 42 ± 2 s
0 20 40 60 80 100
1
120
0
0.2
0.4
0.6
0.8 TLLS (DNP)= 51 ± 4 s
I/I0
t(s)
107 
 
Long-lived states of magnetization enhanced by dissolution Dynamic Nuclear Polarization 
 
108 
 
8.3 Experimental Details 
The experiments were performed using frozen beads of 0.6 M L-Ala-Gly mixed with 50 mM 
TEMPO, dissolved in 5 ml 35 % / 65 % v/v glycerol-d8 / D2O (or 1 M acrylic acid mixed with 
50 mM 2, 2, 6, 6-tetramethylpiperidine-1, 4-diol (TEMPOL) in 50 % / 50 % v/v CD3OD / 
D2O). The frozen beads were placed in a home-built prepolarizer, and irradiated at 94 GHz 
and 30 mW for 5 hours for Ala-Gly (or 20 mins for acrylic acid) at 1.2 K and 3.35 T. The 
sample was dissolved in 5 ml D2O (preheated to 190 °C at 12 bar) to a final concentration of 
50 mM of Ala-Gly (or 8mM for Acrylic acid). The hyperpolarized solution was transferred to 
10 mm (or 5mm for Acrylic acid) tubes maintained at a temperature of 25 °C in an inverse 
broadband probe in a high-resolution B0 = 7.05 T magnet (Bruker 300 WB). The transfer time 
was 6 s. Two experiments were carried out on each hyperpolarized sample: i) A reference 
experiment with a 100 pulse.  ii) An LLS experiment which includes the transfer of the 
enhanced magnetization to the relevant protons, excitation of LLS and Detection. A WALTZ 
sequence with an rf amplitude ν1 = 2 kHz was used to sustain LLS.  
The room-temperature experiments using nuclear polarization at Boltzmann equilibrium were 
carried out at 300 MHz and 298 K using ~ 20 mM Ala-Gly (or 8mM for Acrylic acid) 
solutions in deuterated water. Eight transients were acquired for each LLS experiment using a 
delay of 30 s between consecutive experiments. Experimental relaxation time constants T1 and 
TLLS were determined by fitting normalized spectral intensities to mono-exponentially 
decaying functions.  
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9.1 Conclusions 
This thesis discusses various advancements in long-lived states (LLS) spectroscopy and 
demonstrates applications to biomolecules for exploring slow dynamic processes. 
Various methods to excite LLS and sustain them efficiently have been described. Broadband 
excitation of LLS is made possible by the use of Thrippleton-Keeler filters and 2D 
spectroscopy. The 2D LLS-EXSY sequence is suitable for studying two- (or multiple-) site 
chemical exchange, where the involved spins have different chemical shifts and scalar 
couplings in various sites. The 2D LLS-EXSY method has been applied to monitor the slow 
ring flip in Tyr-35 of BPTI. LLS can be sustained over a wide range of offsets (as high as 8 
kHz at 600 MHz) using various decoupling sequences, thus making the sequences broadband 
during the sustaining period. 1D broadband sequences can also be designed to excite LLS in 
samples featuring a distribution of J-coupling constants. This allows the simultaneous 
determination of slow diffusion coefficients of several slowly-diffusing species, or in 
mixtures where slowly- and rapidly-diffusing species co-exist. These methods can also be 
used for the simultaneous determination of relaxation rates RLLS = 1/TLLS of LLS in various 
environments.  
Long-lived spin states can be obtained in small molecules of biological interest, e.g., in 
several amino acids, taurine and glycerol. The structure of these states was discussed to show 
how they can be excited and sustained. For most of these molecules, an improvement in spin 
memory TLLS/T1max ≈ 2 is obtained. These findings constitute first steps on the way to the 
study of slow dynamic phenomena by LLS spectroscopy in molecules containing extended 
networks of coupled spins.  
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The LLS associated with diastereotopic proton pairs in small peptides and mobile parts of 
proteins can have long lifetimes, provided that the nuclei involved are isolated to some extent 
from other spins with high gyromagnetic ratios. This discovery opens the way to measuring 
diffusion coefficients of macromolecules using NMR with pulsed field gradients (PFG’s) with 
moderate strengths and durations, thus allowing one to study the diffusion of large, unfolded, 
intrinsically unstructured proteins, or biomolecular complexes, even in the absence of 
assignment.89  TLLS values are more sensitive than T1 values to DD interactions with external 
spins,60 which make them a good probe for internal motions in natively unstructured or 
denatured proteins. The discovery of LLS in peptides can be useful to study the dynamics of 
peptide binding to receptors.90 
LLS lifetimes, being more sensitive to structural changes than T1 or T2, can be used as a probe 
to study unfolding of proteins. We investigated the unfolding of Ubiquitin by addition of urea 
and by pH changes and could detect destabilized conformer whose population is dependent on 
the urea concentration. This conformer has the H-bonds between β1-β5 sheets destabilized by 
urea and also has structural similarities with two mutants of Ubiquitin, L69S and L67S.  
LLC’s offer a means to obtain spectra featuring line-widths ∆νLLC that can be a factor 3 
narrower than in spectra of ordinary single-quantum coherences (SQC’s) of small molecules. In 
the slow motion limit (for large molecules), the improvement in line-widths can in principle be 
a factor 9 in favorable cases. The enhancement in resolution obtained from LLC’s may open 
the way to structural and dynamic NMR studies of macromolecules with a molecular mass that 
is almost an order of magnitude higher than the current limit.  
We introduced a method to enhance LLS in a dipeptide Ala-Gly, using dissolution DNP. The 
novel experiment alleviates one of the major drawbacks of dissolution DNP experiments, i.e., 
the requirement that the enhanced polarization must be used within time interval shorter than 
5T1. We also demonstrated detection of hyperpolarized protons using dissolution DNP with 
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significant enhancement factors. The use of protons has numerous advantages over the use of 
low-gamma nuclei such as 13C or 15N:  100% natural abundance of the detected nuclei, the 
sensitivity of their Larmor frequency to chemical changes (for studies of metabolic 
transformations), and the short polarizing time.  
 
9.2 Outlook 
Applications of long-lived states (LLS) and long-lived coherences (LLC’s) have been 
demonstrated for Gly-residues located on the mobile C-terminus of Ubiquitin. Also, LLS 
have been observed in a series of amino acids such as Serine, Aspartic Acid, etc. Though 
LLS have lifetimes longer than T1 in these favorable sytems, in residues buried inside the core 
of Ubiquitin they decay with  lifetime constants that are similar to the spin-lattice relaxation 
times (TLLS ~ T1) because of the dipolar interactions with external protons. Having proton pairs 
of these amino acids inserted in deuterated proteins should make it possible to achieve better 
LLS lifetimes (TLLS). 
There are various deuteration techniques available which allow one to attain selective isotope 
labeling of proteins. For instance, deuterated proteins containing only aromatic protons in 
Phe, Tyr, and Trp can be expressed by prior addition of the aromatic amino acid precursor 
Shikimic Acid to fully deuterated media.91 Also, some specific positions in the sidechains of 
Isoleucine, Leucine and Valine residues can be protonated if the respective isotopomers of 
the precursors α-Ketoisovaleric Acid and α-Ketobutyric Acid are added to the media for the 
expression of deuterated proteins.92-93 LLS may be excited for protons of these residues, 
making it possible to investigate slow dynamics in proteins. The excitation of LLC's, which 
offer significant resolution enhancement for big proteins, can be of use for assignments. 
The new DNP-LLS experiments open avenues that can be explored in various contexts. They 
may find applications for the study of biochemical reactions that are slow on the NMR time 
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scale. LLS enhanced by DNP in a peptide may find applications in studies of peptides binding 
to receptors. The use of enhanced long-lived proton magnetization circumvents the 
requirement of isotope labeling, thus making it applicable to common molecules. This method 
is also applicable to a wide range of systems of J-coupled protons and is promising for the 
study of slow biochemical reactions.  
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